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ABSTRACT

Deferoxamine B, liberated from its methane-sulfonate salt,
has been linked to the chemically reactive polyacrolein to
form polyacrolein-deferoximine (PADFI), whose structure
may contain imino groups as well as N-acetal groups. Free
aldehydes are still present in the polymer structure.

The polyacrolein-deferoximine is stable in physiological
saline solution for at least 24 hr. A sample of 0.3000 g of
PADFI removes 40% of iron(III) from a 1.8 X 10”* M solution.
The polymer, PADFI, is insoluble in most ordinary solvents,
and it failed to dissolve completely in sulfur dioxide solution.
Deferoxamine B attached to a polymer backbone may be use-
ful as an insolubilized chelating agent for the extracorporeal
treatment of severe iron poisoning.

1035

Copyright © 1973 by Marcel Dekker, Inc. All Rights Reserved, Neither this work nor any part
may be reproduced or transmitted in any form or by any means, electronic or mechanical, includ-
ing photocopying. microfilming, and recording, or by any information storage and retrieval sYys-
tem, without permission in writing from the publisher,



1036 RAMIREZ AND ANDRADE

INTRODUCTION

Acute iron poisoning is a common cause of poisoning among young
children [ 1]. One of the few ways in which dangerously high levels
of iron can be treated is through the use of a strong chelate for iron.
One of the most specific and irreversible of the iron chelating agents
is deferoxamine B, a derivative of which is a drug produced by CIBA
under the brand name of Desferal (trademark, CIBA Pharmaceutical
Co., Summit, New Jersey) [ 2].

Deferoxamine B is isolated from feroxamine B, an iron-bearing
metabolite belonging to the sideramines, a group of natural occurring
substances [ 3, 4]. Due to its great affinity for iron and to its rapid
excretion by the kidneys, deferoxamine B is used clinically for the
treatment of severe acute iron poisoning [ 1]. The relatively low
molecular weight iron-deferoxamine B complex is hydrophilic and
water soluble, so that it can pass through the kidneys. Roughly 10
parts by weight of the drug will bind one part of Fe(III). The stability
constant of the complex is approximately 10*! in agueous solutions
ranging from pH 3 to 8. This value is about 15 powers of ten higher
than the stability constants for other metallic complexes of deferox-
amine B [ 5]. This difference is greater than in the case of synthetic
chelating agents. On the other hand, the complexes of transferyin
and ferritin (the two iron transporting proteins in the blood) with iron
are more stable than feroxamine B, meaning that deferoxamine B
should not remove iron from such proteins [ 6].

Chemically, deferoxamine B is a trihydroxamic derivative, whose
structural formula is

NH, (CH, )s lFl—ﬁ(CHZ)ECONH{CHz)S ITI—(ﬁ(CHQ) ,LCONH(CH, )s If—ﬁCHs
HO O HO O HO O

It reacts stoichiometrically with Fe(III) to form feroxamine B, an
octahedral iron complex [ 7]:

| (CHlsNH2 |\‘|

lolo) N |
| Fe3y| ]
P96

(CHIsN (CHa)2
< 0

NH | co

\ CH3 ‘
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The pH range in which feroxamine B formation is rapid and quan-
titative is 2 to 4.5. Between pH 4.5 and 7.0 complex formation becomes
increasingly incomplete, in direct relation to the pH and buffer capacity.

. Above pH 8 practically no feroxamine B is formed [T}

Lentz et al. [ 8] have studied the kinetics of complex formation and
found that the second-order reaction had a rate constant of 2.5 X 10°
M~! sec™'. The half life for the reaction is about 2.5 sec and the
activation energy is about 12 kcal.

Studies of Whitten et al. [ 9] showed that equimolar quantities of
Fe(II) and deferoxamine B at pH 6 yield as much complex as is formed
by equimolar quantities of Fe(III). This is due either to the rapid
oxidation of Fe(TI) to Fe(III) in the presence of deferoxamine B, or the
latter forms an unstable complex with Fe(II) which is rapidly converted
to stable Fe(IIl) complex.

When serum iron levels exceed 500 ug %, the serum iron-binding
proteins become saturated, thus free iron is present. Iron levels in the
500 to 1000 g % range are considered high and dangerous. Levels
substantially above this are potentially lethal. Serum irons as high as
30,000 pg % have been measured. In most iron poisoning situations
deferoxamine B can be applied quite successfully and with minimal side
effects [ 2, 10]; however, both the drug and its iron complex are toxic
if present in large amounts. They have been shown to produce
hypotension and tachycardia in dogs, cats, and rabbits [11], and in
children [9, 12]. The use of deferoxamine B is thus dose-restricted
[10]. In very severe poisoning cases the maximum amount of drug
which can safely be used may not be sufficient for the removal of the
required amounts of iron.

To avoid the problem of toxicity of large doses of deferoxamine B
and its iron complex, we have bonded the drug to a polymer, thus
rendering it insoluble. We propose that the chelating polymer can be
fabricated in bead form; the patient's blood can then be perfused
through a column packed with this material to chelate and retain the
iron, thus purifying the blood from plasma iron, analagous to the
method described by Andrade et al. [ 13, 14] for the removal of uremic
toxins and certain poisons. Deferoxamine B has a free NH, group
that is apt to react with other functional groups. This NH, group in
the deferoxamine B molecule is not directly involved in the formation
of the octahedral complex [ 2], since this compound acts as a hex-
adentate chelating agent, according to the structure described by
Schwarzenbach [ 7].

Thus it would be possible to react polyacrolein with deferoxamine
B to obtain an insoluble polymer that is able to remove iron from
solution. We used polyacrolein as our polymeric substrate since it
reacts with amines in the presence of organic solvents [15] without
introducing acids or bases that may either hydrolyze the trihydroxamic
acid or produce aldol condensation reactions [ 16].
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Acrolein may be polymerized in two ways: by free radical polym-
erization to form addition polymers through the C=C double bond,
and by ionic (both cationic and anionic) polymerization, where the
addition is to the C=C double bond and to the C=0 double bond.

In the free radical polymerization the structure of the polymer
has been shown to contain free carbonyl groups (Fig. 1a) as well
as hydrated carbonyl groups (Fig. 1b) and cyclic hemiacetals
(Fig. 1c) [ 15].

{erzcu),  {chzo)  {orecH-chzGH),
CH

CH ij\ /Ct*
o oh ‘oH oH o7 ToH
@y (b) ()
ferggel fomol, o),
CH=0 CH=CH, CH=CHy,

(d) (e)

FIG. 1. Representative forms of polyacrolein polymerized under
different conditions. Free radical polymerization produces a
polymer containing free carbonyls (a), hydrated carbonyls (b), and
cyclic hemiacetals (c). Ionic polymerization produces free vinyl
and free aldehyde groups (d). The polymer can also be formed with
free vinyl groups (e); see text.

Ionic polymerization of acrolein leads to the formation of polymers
with free vinyl and aldehyde groups (Fig. 1d). The exception is when
the polymerization is carried out with sodium or sodium cyanide in
tetrahydrofuran or toluene at low temperatures [ 16]. In this case
the polymers contain only vinyl groups (Fig. le).

The three different groups present in the polyacrolein obtained by
free radical polymerization may react with amines as was shown by
Schulz et al. [15]. By using low molecular weight model compounds
they demonstrated that polyacrolein reacts with amines or hydrazines
to form, in addition to azomethine groups (Fig. 2b), N-acetal groups
(Fig. 2a).

EXPERIMENTAL

Polyacrolein [16]

Polyacrolein was prepared by free radical polymerization of
acrolein (Polysciences, Inc., Warrington, Pennsylvania). Fifty grams

IRON-CHELATING GRAFT COPOLYMER 1039

«  ~CHp-CH-CHg-CH-

2 | 2 1
HC CH H
-~ S - ~ A

o o N\R
(a)

i

-CHZ-(I:H-CHE-(FH~

CH CH

b *
o OH N-R

(o) 7

FIG. 2. Structures of the reaction products of polyacrolein and
primary amines: (a) N-acetals, (b) azomethines (see Ref. 16),

of freshly distilled acrolein was dissolved in 200 ml of benzene and
then 0.3 g of 2,2'-azo-bis-(2-methyl-propionitrile) (Eastman Kodak,
Rochester, New York) was added to the solution. The mixture was
refluxed for about 72 hr and the polymer precipitated out. A white,
fine dustless powder was obtained in about 90% yield. The IR spectrum
of the polyacrolein (Fig. 3) was identical to that reported in the
literature [ 16].

MICRONS
25 30 35 40 50 50 70 8O 101112 16

TRANSMITTANCE (%)

2000 1600 1200 Boo

FREQUENCY (CM™)

FIG. 3. IR spectrum of polyacrolein obtained by free radical
polymerization in benzene (KBr pellet).

Intrinsic Viscosity

The intrinsic viscosity of polyacrolein was determined according to
the procedure described by Seibert [ 17] by using the one point relation:

[7] = 0.96897n5p - 0. 30936’qsp2 + 0. 0906-41?393 (1)
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The polyacrolein (2.0 g) was suspended in water (50 ml) and the
suspension saturated with sulfur dioxide. After 1 hr the polyacrolei
was completely dissolved due to the formation of the polyacrolein-5C
adduct. The excess SO, was stripped off by bubbling nitrogen into th
solution and then by vacuum, The solution was filtered through a
sintered glass funnel and an aliquot of 10 ml was evaporated to dry-
ness to determine the concentration. The concentration ¢ measured
by this procedure was 0.4288 g/dl.

The rest of the solution was made 0.25 M with sodium sulfate and
diluted to 100 ml with 0.25 M Na, SO, solution. The viscosity measu
ments were made on the polyacrolein-SO, solution and on the 0.25 M
Na,S0, solution used as solvent; the result was nsp = 0.16. The

intrinsic viscosity as calculated from Eq. (1) was [7] = 0.38.

Deferoxamine B

Liberation from Its Methane Sulfonate Salt (Desferal) [18, 19]

Desferal (3.9 g) was dissolved in warm water (12.5 ml). After
cooling the solution in an ice bath, 2.5 ml of 2 N potassium bicarbon
was added and the container scratched while cooling until precipitati
gtarted. The solution was left at room temperature for 2 hr and the
diluted with 5 ml of cold water, filtered with suction, washed with cc
water, and dried, yielding 1.5 g of deferoxamine B with a mp of 138
140°C (mp lit. [ 19] 138 to 140°C). The filtrate was concentrated to
dryness, then 10 ml of water was added and the product filtered agal
yielding 0.6 g of deferoxamine B. The two solids were dissolved in
hot methanol and recrystallized, yielding 1.9 g of deferoxamine B of
139 to 140°C.,

Elemental Analysis

Calculated for C,;H,;0sNe: C, 53.38; H, 8.54; N, 14.95. Found:
C, 52.01; H, 8.71; N, 14.86.

IR Spectrum

The IR spectrum of deferoxamine B is shown in Fig. 4. This
spectrum is consistent with the structure of deferoxamine B, having
—NH, group bands (3440 and 3320 cm ") overlapped with the strong
OH bands of the hydroxamic acids; —CH,— groups (2940 and 2860 ¢
and —N—C=0 groups (1650 cm ™) [ 20, 21].

Polyacrolein-Deferoximine (PADFT)

Polyacrolein was reacted with deferoxaminé B by a procedure
similar to that used by Schulz et al. [ 22] for the reaction of polyac:
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TRANSMITTANCE (#:)
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FIG. 4. IR spectrum of deferoxamine B (KBr pellet).

and amines. Thus 1 g of polyacrolein was let swell in 50 ml of dimethyl-

formamide (DMF) and heated to 60°C; then a solution of 1 g of

deferoxamine B in 50 ml of DMF at 60°C was added to the partly swollen,
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partly dissolved polyacrolein. The mixture was kept at 60°C for 2 hr,

during which it took on a brownish color, and then stirred at room
temperature overnight. Then water was added to precipitate the polymer
in solution. The brown polymer was filtered, washed with water, dried,
and triturated with hot methanol to eliminate the unreacted deferoxamine

B, then filtered, washed with water, and dried under vacuum at 607 C.

IR Spectrum

The IR spectrum of PADFI is shown in Fig. 5. The broad, strong

band centered at 3400 ¢m ™t

TRANSMITTANCE (%]

3.0 35 40

indicates the presence of hydrogen bhonded
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FIG. 5. IR spectrum of polyacrolein-deferoximine (PADFTI),
(KBr pellet).
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hydroxyl groups. The band at 1650 em™ ! corresponds to the —N—C=0
groups and that at 1720 em ™ to the aldehyde groups.

Nitrogen Content of PADFI

The theoretical nitrogen content of PADFI was calculated assuming
complete reaction between polyacrolein and deferoxamine B. By
taking equal weights of both reactants (molar ratio of aldehyde
groups/amino groups = 10/1) the calculated nitrogen content is 8.4%.
Found: 7.16%.

Stability of PADFI in Physiological Saline Solution

PADFI was suspended in physiological saline solutions and stirred
at 36 to 37°C for 24 hr. After this period, PADFI was filtered, washed
with water, and dried. The IR spectrum of this product is identical
to that of untreated material, the solution showed a decrease in Fe(III)
content and when left in contact with ferric chloride solution.

Iron Chelation Test for PADFI

A sample of 0.3000 g of PADFI was left in contact with 10 ml of a
solution of 0.0290 g of ferric chloride in 100 ml water [or 16 hr. After
this period the PADFI was filtered and the filtrate analyzed for Fe(III)
at 396 my [ 23], giving an absorbance of 0.92 whereas the standard
ferric chloride solution gave an absorbance of 1.5. This value cor-
responds to a 40% decrease in Fe(III) concentration.

RESULTS AND DISCUSSION

Polyacrolein, prepared by free radical polymerization of acrolein
with 2,2' ~azo-bis-( 2-methyl-propionitrile) as initiator, was reacted
with deferoxamine B, which was obtained by hydrolysis of its methane
sulfonate salt with 2 N potassium bicarbonate solution.

The reaction between polyacrolein and deferoxamine B was carried
out in dimethylformamide at 60°C. In this condition, polyacrolein
swells and becomes partly dissolved, while deferoxamine B dissolves
completely. The solution takes a yellow color that turns to brown as
the reaction proceeds; the reaction mixtures were usually left over-
night at room temperature to insure a more complete reaction. In all
the reactions equal weights of the reactants were taken to leave a
large number of unreacted aldehyde groups in order to dissolve the
polyacrolein-deferoximine (PADFI) in sulfur dioxide solutions for
molecular weight determinations, and then by comparison with the
molecular weight of the starting polyacrolein have some idea of the
extent of the reaction. Unfortunately, the polyacrolein-deferoximine
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did not form clear solutions even after filtration through sintered
glass.

When polyacrolein and deferoxamine B are in equal weight, the ratio
of —CHO groups to —NH, groups is 10:1, thus a maximum nitrogen
content of 8.4% can be obtained. The measured nitrogen content of
7.16% indicates that under these conditions PADFI is obtained with an
aldehyde/amine ratio of about 14/1, and that the reaction is about 70%
complete.

The IR spectrum of PADFI (Fig. b) showed the features of both
polyacrolein (Fig. 3) and deferoxamine B (Fig. 4). The — NH, band at
3320 cm ~' and the three C—N vibration bands [ 7] at 1230, 1200, and 1165
cm ~ of deferoxamine B have disappeared, while the absorption cor-
responding to the —N—C=0 group at 1650 cm”™ ' is now present. The band
at 1720 em™* corresponds to unreacted aldehyde groups. The bands in
the range 900 to 1200 cm ~* have the same appearance as those of
polyacrolein. After trituration with boiling methanol to dissolve any
unreacted deferoxamine B, the IR spectrum of the PADFI was identical
to that before, meaning that deferoxamine B had reacted with poly-
acrolein, probably through an imine, or N-acetal, or both.

Two possible structures for PADFI are presented in Fig. 6. Un-

. fortunately it is not possible to distinguish them from the IR data, since
the absorption bands for the —C=N groups (1690 to 1640 cm* [51])
overlaps with that of the hydroxamic acid groups, and the band of the
—NHR overlaps with the hydroxyl group absorption. Since the IR shows

[{CHE-?H—)BCHECI:H]“
CHO  HC=N-R

andfor ({CHy CHY)5CHy CH-CHyCHY,
eHe . G JGH i
Ho G TN

~

R

R=-(CHa)s—f:l—L::‘[CH2}2CONH(CHZIS—hIJ-?—(CHz}ECONH(CHzls-I\II-%-CH3
HO O HC © HO ©

FIG. 6. Possible structures for the polyacrolein-deferoximine
( PADFI) graft copolymer. The aldehyde groups may be forming cyclic
hemiacetals; see text.

the presence of free aldehyde groups, they have been indicated as such
in the structures of Fig. 6, but some of them may be in the form of
cyelic hemiacetals, as was indicated for polyacrolein.

PADFTI is insoluble in water and in common organic solvents, showing
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some solubility in dimethylformamide. No change in the IR spectrum
was evident after the polymer was left in contact with physiological {
saline solution for 24 hr at 36 to 37°C. [
The iron binding capacity of PADFI was determined on samples |
with and without saline solution treatment by leaving them in contact
with a dilute ferric chloride solution for about 20 hr. In both cases
there was a decrease in the iron concentration of the solution. The
40% decrease in solution iron tends to indicate that 1) the —NH, group
of deferoxamine B does not participate inthe complex formation, and
2) deferoxamine B maintains its chelating affinity when attached to a
polymer backbone. Polyacrolein exhibited no iron removal when
tested under the same conditions.
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INTRCDUCTICN

Deferoxamine B (DFA) is a chelating agent isolated from
an iron-bearing metabolite of a group of natural substances, the
sideramines (1,2). DFA has a stong affinity and selectivity for
iren. The stability constant of the Fe(III) complex is about
1031 in solutions of pH from 3 to 8. This value is approximate-
1y 1015 times higher than the stability constants of other meta-
1lic complexes of DFA (3), and the difference is greater than
for other synthetic chelating agents. The kinetics of the DFA-
Fe(III) complex formation has been reported (4). Moreover, the
DFA-Fe(III) complex is of relatively low molecular weight, water
soluble, and excreted by the kidneys. PFor these reasons DFA is
used in the treatment of severe acute iron poisoning in small
children (5).

In most severe iron poisoning cases DFA can be applied
quite successfully and with minimal side effects (5): however,
both the drug and its iron complex are toxic if present in very
large amounts. The use of DFA is thus dose restricted (6), and
in very severe cases the maximun amount of drug which can safely
be used may not be sufficient for the removal of the required
amounts of iron.

The use of an extracorporeal system to remove excess iron
from blood would avoid the problem of toxicity of large doses of
DFA. Andrsde et.al.(7knd Chang et.al. (8) have used this prin-
ciple for the removal of uremic toxins and certain poiscns.

The chermical structure of DFfA, containing 2 free NHz group
allows it to te reactive to other functional groups, such as
-CCCl1, -CHzCl, -CEC. In a previous work wehave described the
synthesis of a polyacrolein-deferoxinine copolymer (%) that man-
tained the chelation ability of DFA. In this paper we describe
the synthesis and preliminary characterizaticn of two new poly-
mer-DFA grafts and further characterization done on a new poly-
acrolein-DFA sSystem. These polymers may prove to be useful in
extracorporeal systems for iron detoxification.

EXPERINENTAL

¥aterials. JMonomers were obtained from Polysciences, Inc., War-

rington, Penna. and purified according to standard procedures
(10). Polystyrene resin was Styron 6780-26-7 (N.W. ©3.200,000),
generously donated by Dow Chemical Co. NMidland MNichigan.
Polymer Synthesis, )
Polyacrolein (PA).
Polyacrolein was prepared by Redox initiation (11).
Acrolein (36g) was dissolved in water (120ml) and polyme-
rized in the presence of ter-butyl-hydrorercxide (0.5ml) and =z
20% polyacrolein-bisulfite solution (2ml). The temperature was
600C and the reaction time &4 days., Yield, 15g.[f] of polyacro-
lein-50, adduct was 0.5%.
Polvacrolein-Deferoximine (PADFI).

The reaction between FA and DFA was carried ocut following
the procedurs previously described (9). A weight ratio of 2:1
of DFA to PA was used. Thus }.9g of DFA were reaczed with 1.8g
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of PA in dimethylformamide (DNF). The yield was 2.Bg. Elemen-
tal Analysis: C, 57.89; H, 7.46; N, 7.81%.
Poly(methacrylyl chloride-co-styrene) (FMACS).

This copolymer was prepared by reacting the monomers in
equal molar ratio. Styrene (20.8g) and methacrylyl chloride
(20.1g) were disso}ved in CCly, (150ml) and the polymerization
initiated with 2,2 -Azo-bis [%»methyl-propicnitrile;(O.EIgJ. in
a nitrogen current. The polymer was precipitated onto petroleum
ether. The yield was 13.8z. Elemental Analysis: C, 70.00; H,
6.42; c1, 17.52%. [M] in D¥F was 0.53.
Poly(methacryldeferoxa-ida-co-styrene) FNADFS.

The reaction tetween FMACS and DFA was carried out in DNF
solution at 100°C. A solution of PMACS (2.96g) in DMF (50ml1)
was added to a solution of DFA (L.0g) in DWF (50ml) containing
triethylamine (TEA) (2.15g). The rolymer was precipitated onto
10% HC1 sclution. The yield was 4.0g. A portion of the reacted
polymer was extracted with =thanol for 24 hours.

X

2

w
Elemental Analysis: Unextrac:zed: C, §7.29; H, 7.58: N, 6.17; C1,
0.96%. Extracted: C, 68.75; 4, B.08; N, 6.05; Cl, 0.197%.
Chloromethylated Folvstvrena (CLPS).

FPolystyrene was chloromethylated in the following procedu-
re (14). Styrene (5z) dissolved in chloromethyl methyl ether
(50ml) was mantained for & hours at room temperature in the pre-
sence of anhydrous ZnCl2(2.5g). The polymer was precipitated
onto absolute ethanol. The yield was 5.7g. The elemental ana-
lysis gave 12.56% of Cl1.

Reaction between Chloromesthylated Polystvrene and Deferoxamine B

DFA (5.61g) discolved in DNF (100ml) containing TEA (3.1g)
was added to CKPS (2.58g) swollen in DMF (100ml). The mixture
was kept at 120°C for 16 hours. A solid polymer was present af-
ter this time. The yield was 2.1g after extracting the product
with ethanol. Elerental Analysis: C, 77.99; H, 8.30: N, 4.53;
Cl, 2.72%.

Iron Chelating capacitv of the polvmers.

Samples of the peolymer-DFA grafts, placed in ethancl for
$ minutes, stayed in contact with a 2% ferric amonium sulfate so-
lution for 2% hours. In all cases the polymers took a red-brown
color, After several washings with water and drying the analy-
sis gave the following iron contents:

PADFI: 1.88%

P¥ADFS: 0.651%

CWFS-DFA: 1.29%

DISCUSSION

Folyacrolein Svstem.

Polyacrolein was reacted with DFA in several weight ratios
besides the 1:1 ratic, Ratiocs of PA1DFA of 1:2, 113, 1:14 and
1§5 were trieg._ Only the reaction with ratio 112 gave good
yield in precipitated psiymer. It seems that if too many DFA
groups are introduced in the polymer chain the product becomes
more soluble. The nitrogesn content of 7.31% indicates that
about 60% of the carbonyl groups have reacted with DFA when the
reaction mixture had 1:2 weight ratio, and this percentage does
not differ greatly frexz t obtained in the 1:1 weight ratio
reactions previously rero (9).

Poly(methacrylyvl chloride styrene) System,

The copolymerization methacrylyl chloride and styrene
was carried ocut with a fs2d mole ratio of li1l. The expected
ideal repeating unit, which contains one of each moncmer units,
would have an empirical forrmula of Cy»H13Cl0., ‘The empirical
formula for the rereating unit calculated from the elemental

F

N E
O b @ 3
(=1 (5
ol
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‘analysis is 016H13810. meaning that there are 4C and 4H more per

repeating unit, his result gives a ratio of styrene units to
methacrylyl chloride units of 3 to 2 in the copolymer chains.

The reaction between PMACS and DFA was carried out in DMP
solution in the presence of triethylamine to prevent the hydro-
xamic acid groups from reacting with acid chloride groups of the
polymer. The IR spectrum of the product showed the typical car-
bonyl band in secondary amide a2t 1700cm=l and no band in the
1770-1800cm~! range correspcnding to acid chlorides (15). The
nitrogen content of 6.17% indicates that the resction between
EMACS and DFA was about 55% complete with respect to the Cl
content of PMACS. When FLADFS was extracted with ethanol, the
unrezcted chlorine decreased from 0.96% to 0.19% while carbon
and hydrogen contents increased. ' This shows that some of the
acid chloride grcups that did not react with DFA reacted with
the extracting ethanol, converting them to ethyl esters groups,
although most of the unreacted acid chloride groups suffer hy-
drolysis during the washing procedure.

Chleorcmethylated Polystyrene System.

Chlcromethylated polystyrene was prepared using chlorome-
thyl methyl ether and ZnClp. The reaction time was longer than
the cne normally used (10,1%) in order to obtain a relatively
high chlorine content. The percentage of chlorine of 12.56
means that about S0% of the phenyl rings had bteen chloromethy-
lated. The IR spectrum of this polymer is different from that
of starting polystyrene, showing a broad absorption band at
3400cm=-! corresponding to hydroxyl groups from partial hydroly-
gis of the chlorcmethyl groups. The appearance of the out of
plane C-H deformation band of 2 adjacent hydrogens in aromatic
rings at 8%0cm-1 is conclusive that a second substitution in so-
me aromatic rings have occurred (15). The presence of strong

‘bands at 700 and 760cm~l shows that monosubstituted benzene

rings are present in the polymer chains.

CMPS thus prepared failed to dissolve in DMP, becoming
swollen when heated. The reaction with DFA was carried out in
these conditions and in the presence of TEA to prevent the hy-
droxamic acid groups from reacting with the chloromethyl groups,
since the latter are very reactive with groups that contain se-
tive hydregens. A long reaction time, about 16 hours, was gi-
ven to this reaction because of the insolubility of the polymer.
The nitrogen content of 4,53% corresponds to a 40% conversion.

There was a 2.73% unreacted chlorine, which suggests that
probably longer reaction time is needed for higher conversions.
The IR spectrum of the CMFS-DFA graft showed a strong -OH band
at 3400em-1, that overlaps with -NH absorption, & C=0 in hydro-
xamic¢ acids at 1630cm~! (15) and the characteristic bands of
monosubstituted and p-substituted benzene rings at 700, 760 and
850cm~! respectively.

Iron chelation capacity of the polymers.

Energy Disperaive Analysis of X-rays (EDAX) done on the
polymer-drug grafts that were exposed to a Pe{III) solution
showed the corresponding peaks for iron. Roughly CNPS-DPA graft
showed the highest relative iron peak. The elemental analysis
gave the highest iron content for PAODFI.

CONCLUSICN

Polymer-Deferoxamine B grafts that mantain the chelatin
ability of the drug have been prepared. The polymer-drug grs%ts
readily form polymeric chelates when placed in contact with an
Fe(III) solution., EDAX studies and elemental analysis are evi-
dences of the complex formation.
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racterize the different polymer-drug systems and determine the
rate of iron removal.
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INTRODUCTION

Accidental poisonings account for a large proportion of
children's accidents. There is a need to improve the emergency
treatment of poisonings, particularly to decrease the period of
coma and to minimize mortality.

Iron poisoning is a common cause of poisoning among young
children. Use of chelating agents, especially Deferoxamine B,
to remove excess iron from the body is one of the most effective
treatments. However, in very severe cases of acute iron over-
Toads, the amount of deferoxamine required to remove the iron is
so high that the drug and its fron chelate would be toxic.

Our objective is to develop a chelating polymer which could
be used in extracorporeal detoxification of severe acute iron

poisoning cases.

POLYMER CHELATES

Ion-Specific Resins
In the search for specific ion-exchange resins there has been
a great deal of effort toward the synthesis of snecific chelating

309
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or complexing resins. The commercial wanufacture of these resing
has not yet been successfu‘l1 with the exception of Dowex A-l?.

Polymer chelates consist of a polymer backbone and a grafted
chelating group (Fig. 1a) although resins containing the chelating
group as part of the repeat unit have been PEDOPtEd3-11 (Fig. 16).
Resins of the first type may be considered as ‘random graft copolys
mers and those of the second type as homopolymers.

Chelating resins differ from ion exchange resins in three
propertiesgz greater selectivity, higher metal-polymer interaction
energy, and slower kinetics.

Applications of chelating resins have been mainly in water
purification (i.e., removal of heavy metals from water), analytical
determination of metal ions, chromatographic separation of lans,

TR R S

Ch Ch Ch Ch

(a)

Ch

(b)

Fig. 1. General structure of polymer chelates. M = repeat unity
Ch = chelating group. (&) The chelating group 18§
grafted on the polymer chain. (b) The chelating group
is part of the monomer unit.
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and recovery of metals from sojutions. A number of chelating
groups have been grafted onto polymers (Table 1).

Synthesis of Polymer Chelates

There exist two general approaches for the svnthesis of chel-
ating polymers. One is the incorporation of the active (chelating)
group in the polymer matrix by making use of reactive functional
groups in the polymer. The second method is the transformation of
the active group into a monomer with subseauent polymerization.

In the first method the hydrophilicity of the chelating groups is
sometimes incompatible with the polymer matrix {usually hydro-
phobic), and therefore the latter requires some modification. In
the second method the presence of a larger group in a monomer may
reduce and even prevent homopolymerization, making it necessary

to copolymerize the transformed monomer. It is possible that some
bulky chelating monomers may not polymerize or copolymerize at all.

Gregor et a1.38 suggested four conditions that the chelating
group should fulfill:

1. It should be able to react with a group and become
attached to the polymer matrix, or be able to polymerize for resin

formation.
TABLE I
Some Chelating Groups Grafted on Polymers
CHELATING GROUP REFERENCES
Alpha-Amino acids 13-19

Iminodiacetic and/or 5, 7, 14, 15, 20-34, 36

Iminodipropionic acids

Nitrilotriacetic acid 35-37

EDTA 37-39
Hydroxamic acid a40-42
Deferoxamine B 43
8-Hydroxyquinoline 44-47

Others 3, 8, 37, 48-80
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2. If the latter is the case, it should be sufficiently
stable to withstand the polymerization process without alteration
of its chelating function.

3. The chelating group should be compact so as not to be
sterically hindered by the polymer matrix.

4. The arms of the chelate structure should be nresent on
the same monomer unit in proper spatial configuration, for preser-
vation of specific arrangement of the 1igand.

D'Alelia et a1.28 suggest that monomeric models for the
chelating polymer should be constructed, and that for an effective
chelating polymer the behavior of the active group in the polymer
should be similar to that of the group in the monomeric segment.
They proposed the following approach for the synthesis of a chelat-
ing polymer:

1. Synthesis and determination of chelating characteristics
of a model monomeric compound.

2. Synthesis and characterization of an oligomer of low
molecular weight (dimer, trimer, etc.) model compound, and deter-
mination of its chelating properties.

3. MWhen the results of the second step confirm chelation, a
high moTecular weight polymer should be synthesized and character-
ized, and its chelation capacity should be determined.

D'Alelio et al.28,29,31-33 have followed this approach for
the study of chelating polymers containing hydroxyarylaminoacetate
groups as the chelating group.

A general sequence for the synthesis of grafted chelating
polymers is shown in Fig. 2. In this case, polystyrene (1),
usually cross-Tinked with divinylbenzene, is first chloromethyTated,
then transformed into a sulfonium salt (3), and finally reacted
with sodium iminodiacetate to give the chelating polymer (4). The
sulfonium salt is hydrophylic whereas the chloromethylated resin
(2) is not and will not react appreciably with iminodiacetate salt.

\

l'-—'__—_-..
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' —CH——CH, —
i — CH—CH,— ;
- L O
ZnCl,,HCl CH,C1 i CH,SRC1
() (2) 3
v
— COONa -
HN ' — CH—CH,
e
CH,— COONa
_-CH, — COONa
CH, - N

; 2 ~ vy
(4) CH, — COONa

Fig. 2. Reaction sequence for the synthesis of an iminodiacetate

1
chelating polymer

Another approach to solve the problem of hydronhobicitg of
the chloromethylated polystyrene is to partially transfurT it into
a quaternary salt with a tertiary amine (e.g., triethy1am1ne?,
which makes the polymer more hydrophylic, and then to rea?t 1t
with the chelating group81. The reaction sequence for this
process is shown in Fig. 3. .

The transformation of the chelating group into a monoTer1c
species is shown in Fig. 426. In this case metha?ry1ch1?r1de (8)
reacts with the diethyl ester of iminodiacetic acid to give
amide (9), which may be homopolymerized to give (10). Monomer (9)
may also be copolymerized with other vinyl monomerg or gfaft
copolymerized with radiation on preformed polymers™ or fibers to

produce chelating graft copolymers.

Distribution Coefficient and Selectivity Coefficient-of a Chelating
= i ibuti atio, and
The distribution coefficient, KD’ or distribution r s

i ici i uotient 7,
the selectivity coefficient, KA/B’ or concentration g
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are important barameters in the characterization of ion-exchange
and chelating resins.

For very dilute selutions of an ion A, the distribution
coefficient for any ion exchange resin is given by

D = [Al/[A] (1)

where [A] is the concentration of fon A in the resin phase and
[A] is the concentration of ion A in the aqueous phase.
The selectivity coefficient for the exchange of two ions, A
and B, of charge |a| and |b], respectively, is given by

¢ v [A]|b|[g]|a1 (2)
B/A ~ 5 BT lal ;
A RyiPleyle
where the bars indicate the resin phase.

Equation {2) is comparable to the equilibrium constant of an
jonic equilibrium reaction. Thus if one considers the exchange
reaction of two ions A and B with charges a and b as being

lalB® + [b|E = [afB® * [B]A® (3)

the equilibrium constant for this reaction is identical to KB(A'
These two expressions, (1) and (2), have been defined for

ion-exchange (nonchelating) resins; however, they can be eaually

applied for chelating resins33’83.

Both the distribution and selectivity coefficients depend on

82’84, on the specific

the degree of cross-1inking in the resin
capacity of the resin, i.e., the number of miliequivalents of fixed
exchange groupings per gram of resin84, and on the nature of the
exchange (or chelating) groupaq.

Detailed treatments of ion-exchange selectivity and of resin
selectivity in aqueous solutions are given by Reichenberqg4 and

by Diamond and Nhitnesz.

e
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CHELATING AGENTS IN MEDICINE

Chelating agents are a class of drugs for which a clear con-
nection between action in the body and physical and chemical
properties are knownBB. Several natural chelates are well known:
hemoglobin (iron}, chlorophyll (magnesium), vitamin B-12 (cobalt),
and enzymes such as cytochrome oxidase (iron and copner): This
section will be mainly concerned with synthetic chelating agents
or those of natural origin that are not found in the human organ-
ism.

According to Schuber85, chelating agents may accomnlish three
different functions:

1. To chelate toxic metals in blood and help the body get
rid of them by excretion.

2. To deliver certain trace metals that are essential to
tissues.

3. To inactivate certain bacteria and viruses by making
essential metabolic metals unavailable, or by delivering metals
that are harmful to them.

An effective chelating agent must form more stable comnlexes
with the metals of interest than the biological substance holding
the metals. This means that the stability constant of the metal
chelate should be higher than the stability constant of the com-
plex between. the biological substance (usually proteins) and the
metal. The stability constants of chelates are taken as a measure
of their chelating ability. However, the stability constant de-
teymined in aqueous systems is usually different from the actual
stability constants found in a Tiving system, where interferences
from proteins, enzymes, pH, and other ions may change the chelat-

87 examined the binlogical

ing properties of the drug86. Shubert
implications of iron binding and described chelating agents in
terms of an "effective constant", which is not actually constant
but varies with the media in which the chelating adgent and the

metal ion are in contact.
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An important property that the chel

ating agent should have is
selectivity.

It should be able +o chelate the metal of interest
without inf]uencing the other essential ions present, often in

larger amounts, such as Ca and Mg, as well as the trace metals,

such as Zn, Mn, and Cu, whose removal could be dangeroys.
SoTubility of both the chelating agent and the complex in
various media are important.

They should be water soluble, to
permeate within the

intra- and extravascular spaces but this may
exclude them from penetrating into the intracellular snace.

solubiTity also allows a more vapid excretion of
chelate.,

Water
the drug and its

Chelating agents used as drugs should withstand metabolic
processes, and if they undergo enzymatic or other degradation, the
metabolites should not have toxic side effect586.

The administration mode of a chelating agent is alsn very

important. For example, EDTA and DTPA (see Table 2 fdr formulas

and chemical hames) must be administered by prolonged intravenous

infusions, and temporarily immobilize the patient thus restricting
their use to hospita1386. An ideal chelating agent as a drug
would be one that is taken orally, acts in the gastrointestinal
tract, and is absorbed through the intestines, extending its
action to the rest of the body88.

Table 2 summarizes various chelating

agents used in medicine,
Some of these agents are sti

17T in the experimental stage, whereas
others are Presently being used for clinical treatment.
these chelating agents are used to remove metals from the
(EDTA, DTPA, deferoxamine, BAL, etc. )
metals into infected areas {
and headaches (aspirin}as.
One of the main uses of
in the treatment of acute met
and fron.

Some of

organism
- Others are used to deliver
Oxine) or to the brain to reduce fever

chelating agents in medicine has been
al poisoning, such as lead, mercury,

The most success has been in the case of 1iron poisoning
where DTPA and especially deferoxamine have proven very effective.
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ACUTE IRON POISONING

Occurrence of Iron Poisoning !
Young children may ingest large amounts of iron tablets

amm erre S]i!a @2 HIa[ are pres 1 DEf 187 ¥ |i]the\s.

Adults Tess often take ferrous sulfate 1n.5u1c?de att?mn;i% hnqu
estimated lethal dose of ferrous sulfate 1? children Ts -;;1n6

of body WEightgo. Some children have survived aft:;11ngi;éna92
15 g, and sometimes as little as 1 g has ?een fata 256 ]
stated that the average human fatal dose is 200 to '1d‘ch11d

per kilogram of body weight. For the av?raqe 2 year-o :

the ingestion of 3 g of iron. ;
& i:zit:g%nias summarized reports from the National Cl:zrwng;
house for Poison Control Centers over a Der1od.0f 32.monmc %edi‘
292,060 poisoning reports, 1194 cases were of 1nq?st10n 5 thSP
cinal preparations containing more than 65 mg of 1ro:. 34 5&1;
cases, 1024 were children under 5 years of age, and .ir:iyatinn
fate ranked 6th among the medicines thiz g%usi:hZOiz;oitpé 8
i der 5. According to Crotty ", il

;Zt?z;1i;z: ?29 of 654 cases (27%) were hospita1izef pl:?esi;ron
salts in the category of the most toxic s?bstances.n s ;jn” b
probably because of the consideration of iron as a v;,a it
not as a potential poison; thus parents do not take the neces:
precaﬁzl??s%958, A1drich94 estimated the ngt?1ity rate of azu::at
iron intoxication as 45%. Whitten et al.,™ 1n-1965 Ero::iEUSinq
mortality rates may be reduced with the apnropriate there C

deferoxamine as a chelating agent for iron.

Mechanism for Iron Toxicity from Iron Salt Ingestion e
Iron overdoses are accompanied by both Toca1 and svstev?ér
effects. Significant amounts of either ferric or fefrT:% s? S
lead to rapid necrosis of the mucosa of the g§8tr?1nteﬁélﬂif o
tractg6 Absorbed iron soon exceeds the banding capacity ¢ ;
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proteins in blood; thus Serum iron concentration increases rapidly.

The liver and the spleen remove sizeable amounts of iron, and this
(s]
Witzleben and Buckg‘ pDro-

..... __“_%__%_____“I__“__H__ 7
. ! s
K |  Zdos
E E & §'§ § often results in hepatic necrosis
g i 5?5.2 o posed a hypothesis involving indirect Tipid peroxidation. In the
’;‘GE :' :_’ §§§ liver and elsewhere at the cellular level, iron is a potent pro-
EE .': jgi‘jf . toplasmic poison due to its enzymatic impactgﬂ. However, the
B'E E 5";1E:E_§ biochemical mechanism of iron toxicity has not yet been well
S .'I ggggi established.
1 L [y
s i
R R r”_*‘_‘“—‘—=——~——=_ Symptoms of Iron Poisoning
f Symptoms of iron poisoning begin with vomiting, usually
; accompanied by abdominal pain and diarrhea, and followed by
; 45 lethargy and a state of shockgﬁ. Shock is attributed to hemor-
35 o ; 'g rhage and fluid loss from the necrotizing action of iron on the
Eg ig 5 o gastrointestinal truck .
§ o o E g Yasomotor collapse is explained by Smith1no as produced by
£ -g ;E E = }5 an excessive amount of ferritin formed from apoferritin in the
Z: §§ _g E S = mucosal cells. Ferritin, considered to be a Vasodeoresant101,
fé = 5 §; ; ;: RN é is then released into the circulation, initiating and maintaining
i : =5 g .: ‘:’_‘2 f) the state of cardiovascular collapse.
'g E; E S—o—3F ,é Hepatic damage, although it has been found in some fatal
S o | L} §' human case597’100’102_105 and in some experimental studi8597’1nﬁ,
S g cannot be attributed as a causative factor in death from acute
o iron poiso?égg since no evidence of hepatic failure has been

identified = .
Other symptons include coagulation defects reported in some

However, no systematic study of the various clot-
Exnerimental iron

casas105’107.

ting factors has been reported in humans

poisoning has shown prolongation of clotting time or complete
109 i .

found alteration

2-Amino-

108 Whitten

absence of coagulation in rabbits ~.
in the different stages of blood coagulation but the clotting time

was not altered.
Metabolic acidosis in experimental iron poisoning is well

known, and this is probably a common occurrence in lethal iron

| Penicillamine

f
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poisoning in children104. Metabolic acidosis may be explained by

two factors: (1) The release of hydrogen ions from the conversion
of iron(II) and iron(III) into the circulatory system1]ﬂ and (2)
the accumulation of lactic and citric acid from anercbic metabolism
characteristic of 5hock110’11].

Shock and coma are characteristic of all the fatal cases of
acute iron intoxication reported until 196595.

Serum iron levels greatly increase in iron poisoning, and
they are usually a measure of the degree of intoxication. Normal
serum iron levels in humans fluctuate between 60 to 160 ug/100 ml
of blood. In acute iron poisoning, serum iron levels cover a wide
range from 200 to 5000 ug/100 ml, although one case with serum
iron of 30,494 ug has been renorted1]2. Iron levels of 500 to
1000 pg/100 ml are considered dangerous, and above this range the
iron Tlevel is potentially lethal.

Treatment of Acute Iron Poisoning

Emergency treatment of acute iron poisoning is described by

many authorSQZ,96,113,114,116,11?_

In general, the treatment
conisists of induction of vomitting with an emetic, stomach lavage
with sodium bicarbonate, intravenous fluid therapy (blood or
plasma) to correct acidosis and dehydration, use of a chelating
agent (Deferoxamine B) to remove "free iron" and peritoneal or
hemo dialysis to help the removal of chelated ironn.

86 : :
have an excellent review of the various

Waxman and Brown
chelating agents that have been employed in iron overloads. The
emphasis has been on deferoxamine though DTPA has also been evalua-

ted118'122. Since its introduction in 1960123

, at least 700 papers
have described different aspects of the application of deferoxa-

mine,

DEFEROXAMINE B IN IRON POISONING

The major objective in the treatment of poisoning with most
substances is the removal of the toxic substance from the organism.
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The human body is not provided with an effective mechanism for
eliminating excess iren. Therefore, in acute iron intoxication
only two ways of increasing iron excretion exist: phlebotomy and
the use of a chelating agent124.

One of the most specific and irreversible of the iron chel-
ating agents is deferoxamine B, commerciallv available as the
methane sulfonate salt. This derivative of deferoxamine is pro-
duced by CIBA under the brand name of Desferal. (Trademark, CIBA
Pharmaceutical Co. Summit, New Jersey).

The high solubility of the iron complex of deferoxamine and
its low molecular weight allow it to pass easily throuah the
kidneys, making deferoxamine of great value in the treatment of
acute iron poisoning.

Deferoxamine was initially propesed by Moeschlin and
Schnider125 as a two-fold approach for the treatment of acute iron
intoxication: enternally and parenterally. Moeschlin et 51,40
showed in animal experiments that the survival rate can be greatly
increased by the use of deferoxamine.

More vecently, several author586’95’112’]13’115’124’12?’128
have reviewed the clinical use of deferoxamine in acute iron over-
Toads, and the question arises whether deferoxamine should be
used orally at all since it is only slightly absarbed from the
gastrointestinal tractlzg. Oral deferoxamine would help to remove
any iron that may still be in the intestines. However, more
effective methods, such as use of emetics and lavage, exist for
the evacuation of the gastrointestinal tracthg. Nest]fnl]z
ctates that intramuscular deferoxamine is preferable to avoid drug-
induced hypotension and recommends that the intravenous route be
used for severly intoxicated patents that are in coma or cardio-
vascular collapse.

Rapid infusion of deferoxamine has been reported to induce
hypotension and tachycardia in dogs, cats, rabbits]30, and chil-
dren95’112 Whitten et 31.95’]14 studied the toxicity of the

iron-deferoxamine complex in children and dogs. Rapid intravenous
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administration of 30 mg/kg of the complex produced a fall in mean
arterial blood pressure in children. They gave a lethal dose of
225 mg/kg of iron-deferoxamine complex to dogs, which resulted in
a fall of blood pressure, a decrease in hematocrit, a decrease of
blood pH, and the development of renal shutdown.

These side effects of deferoxamine and its iron compTlex
restricted the drug dose. An intramusculary dose]3] can be given
to patients not in shock (1g initial administration followed by
0.5 g every 4 hours, with the total amount not to exceed 6 g in
24 hours. The intravenous doseTB] recommended for patients in a
state of cardiovascular collapse should not exceed 15 ma/ka/hour
by slow infusion, and a tota] dose of 6 g in 24 hoursSﬁ.

In summary, deferoxamine is very useful in the treatment of
acute iron poisoning as shown by the reduction of mortality report-
ed by several authorsg5’124’]28. However, delayed therany with
deferoxamine did not reduce mortality in several cases of iron
over1oad51]7?]32’133. Therefore, McEneny]]7 recommends to "treat
all cases of acute iron ingestion vigorously with deferoxamine.™
However, there is evfdenc995’114 that deferoxamine and its iron
complex are toxic when the drug is used in large amounts. The
use of an extracorporeal system containing immobilized deferoxamine

may prove to be useful in the treatment of very severe acute iron
intoxication.

EXTRACORPOREAL TREATMENT OF ACUTE IRON POISONING

Deferoxamine may be covalently bonded to polymers containing
reactive functional groups43. These polymers act as solid sunnorts
for the drug, which maintain its chelation ability. A number of
1nvestigat0rsl34’]35 have used an extracorporea] system based on
activated carbon for the removal of certain uremic toxins and other
poisons such as salicylates and barbiturates. Blood s perfused
through a chamber containing the solid sorbent which removes the

toxin from blood. 1In the case of iron poisoning, the excess iron
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in blood would be complexed by the immobilized deferoxamine. Then
neither the drug nor its iron complex would be released into the
circulatory system, avoiding the problem of toxicity of large

doses of deferoxamine. -
This procedure would not replace the present use of soluble

deferoxamine. Instead, it would help the soluble drug in removing
iron from blood in those cases of very high serum iron 1ev?1s.

DEFEROXAMINE B. ORIGIMN AND CHEMISTRY

; | ;
Deferoxamine B is isolated from feroxamine B, an iron-bearing

metabolite belonging to sideramines obtained from Strentomyces

Pi]osu5123’136’13?. The trivalent iron in feroxamine B is removed

by chemical neans]38, yielding deferoxamine. :
. The molecule of deferoxamine is composed of one residue of

i ; e
acetic acid, two residues of succinic acid, and three residu

of 1-amino-5-hydroxylaminepentane, as shown in Fig. 6. The

residues altogether form a trihydroxamic acid with a free ?m1n0
group at one end of the molecule. This amino group gives its -
basic character to the molecule and allows it to react with acids

i i ivati 1 chlorides and
(inorganic and organic) and acid derivatives (acyl ¢ and

anhydrides) to form salts and amide derivatives, respectively 3

I .
L} 1
| - CH, )N = CCH
NH, (CH,) N - C(CH,) ,CONH(CH,) N C(CH, ) ,CONH(CH,) 5 R

1

1

1

1

1
1
1
]
) ' ll |
| : ) HO' O
: 0
HOI 0 : :
1
; : £ Ll B G A A
1
1
Fig. 5. Deferoxamine B, where A is acetic acid residue,
B is succinic acid residue, and
€ is 1-amino-5-hydroxylaminopentane

residue.
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Deferoxamine B reacts stoichiometrically with Fe(IIT) to
form feroxamine B, an octahedral iron complex, shown in Fig. 6.
The ferric jon becomes attached to the three hydroxamic acid

groups. The organic material surrounding the iron confers great

stability to the comp]exng.
The stability constant of the complex is of the order of
103-| in aqueous selutions ranging from pH 3 to pH 8. This value
is at Teast 15 powers of 10 greater than for other complexes of
deferoxamine and also greater than for other common chelating
agents. Values of the stability constants for the complexes of
various ions and chelating agents are given in Table 3.
Keber1e129 reported the effect of deferoxamine on the iron
proteins ferritin, hemosiderin, transferrin, and hemoglobin. He
found that deferoxamine removes iron from ferritin and hemosiderin
until its maximum binding capacity is attained. He found, however,
that deferoxamine removed only 10 to 15% of iron from saturated
transferrin, and found no exchange from feroxamine to transferrin,
showing that deferoxamine does not take up all the iron from
transferrin under equilibrium conditions.

disagreement with Bailar's conc1usi0ns14.

These results are in
He sajd that deferoxa-
mine "is able to extract iron from nearly all of the tissues of
the body, but not from transferrin or ferritin."

The kinetics of iron complexation of deferoxamine has been
studied by Lentz et a1.]42. They found that the overall second-

I (CH INH, |
O N N
b
i
i)
BT T
(CH)s=N_
NH ¢

CH, ]

|
(CHglg_C:\ /(CH2)5

Fig. 6. Feroxamine B (also called ferrioxamine B).
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TABLE III

Stability Constants for Some Metallic Complexes 86, 129, 140

EDDHA (d) Fe-3-
Specific (e)

HEDTA (c)

DTPA (b)

EDTA (a)

Deferoxamine B

Metallic Ion

(DFA)
103]

1032 1030

1020
]012

1629
17
107

1025
1014

Fe(III)
Fe(II)

10
10

10

10
10*
10
10

10°

10°

Mg(I1)
ca(II)

107

1010 108

10"
10°

10"

Sr(II)

1019 3

T016

1011

Co(1II)

10°

1016

1020 :
102!

1019

1010
1ol
108

Ni(II)

1017

1019
]016
]016

Cu(II)
Cd(II)

10'8

10°

10°

10'%

1011

In(II)

Ethylenediaminetetraacetic acid

da

b Diethylenetriaminepentaacetic acid

c Hydroxyethylethylenediaminetriacetic acid

d

Ethylenediamine-bis(o~-hydroxyphenylacetic acid)

329

e Bis-(hydroxyethyl)-glycine
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order rate constant for the complex formation of deferoxamine
and iron(III) is the same in aqueous solutions of pH 3.92 as fin
blood plasma of pH values ranging from 4.1 to 7.1.

Whitten et al.”® found that iron(I1) also forms a comnlex with
deferoxamine almost quantitatively at pH's of 6 or higher. For
iron(II1) the pH range in which complex formation is ranid and
quantitative is between 4.5 to 7.0. At higher pH's it becomes
increasingly incomplete, and is directly related to the pH and
buffer capacity of the so]utionlag.

In-vivo experiments of Tripod and Keber're143 first demonstra-
ted that deferoxamine was also capable of removing iron from the
organism. They administered ferric chloride and ferric chloride
plus deferoxamine to rats and found that in the first case 0.03%
of the iron was excreted in the urine and 81% of the feces with
19% absorbed. On the other hand, 0.8% of the iron administered
with deferoxamine was excreted in the urine and 99.3% in feces,
with no iron being absorbed.

IMMOBILIZATION OF DRUGS

Biologically Active Polymers

Immobilization of a drug by binding it to a polymer may pro-
long the activity of the drug. This may be achieved by grafting
the drug to a reactive polymer or by converting the drug to a
monomer with subsequent polymerization.

144

Cornell and Donamura prepared monomeric drugs by reaction

of methacrylyl chloride with tropolones that show biological
activity. An example is

s

C
|
CH2 = L—COE1 + R-O0H = CH2 S e

D
W
Ro= Q

Ha
——
|

R
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However, not all the mowomers were able to polymerize, probably
4
because of the steric effects associated with the bulky grouns]4n.

Donamura and co-workers have reported, in a seauence of
papers, the synthesis of biologically active formaldehyde-sul famide
1AL 1aT and sulfonamide- and sulfone-dimethviolurea
copoTymers148’149. They found that some of the copolymers presen-

ted antimalarial activity, and that the activity depended on the
152

copolymers

comonomer present in the polymer other than the drug
Phenethylamines have been bound to polymers by converting them

2 : ; : 53 )
into vinyl monomers for homoDo1ymer1zat1on] or conolymeri-

154

zation' 27. Monomers derived from styrene and methacrylic acid
were used in this work. The biological activity of the monomers,
154

homopolymers ,. and copolymers was studied by Weiner et al. They
propose that the biological activity depended on the hydrolysis
rate of the drug, and found that the polymer suffered slower hv-
drolysis than the monomer.

Polymeric salicylic acid derivatives have been studied by
Weiner and Zilkha155 for their biological action. They prepared
the monomer by the reaction of methacrylyl chloride and various
derivatives of salicylic acid, with subsequent homopolymerization.
They tested the polymeric drugs as analgesics and found the drugs
had retarded analgesic action, in some cases better than asnirin.
The retarded action was suggested to be due to slow release of the
salicylic acid derivatives.

Several other polymer drugs have been described in the
1iterature 20~161,

Examples where the drug is grafted onto polymers are found
in ‘the binding of noradrenaline, isonicotinic acids, and hydrazide
onto oxydextran and po]yacr01e1n163. Drugs have also been bound to

163-170 163,164

plasma proteins, such as albumin , including acidic

and basic drugs166'170.
In our work we grafted a basic drug, deferoxamine, on to
various polymers in order to insolubilize the drug and use it as

a chelating polymer for biomedical apnlications.
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POLYMERIC SUPPORTS FOR DEFEROXAMINE

The chemical structure of deferoxamine, which contains a
primary amino group, allows it to react with other functional
groups, such as chloroformyl (-COCT), benzyl chloride, and
aldehyde (-CHO). Polymers and copolymers containing
such functional groups were studied and the rationale for the
selection of the various polymers is discussed.

Polyacrolein

In a previous paper we reported the synthesis of a polyacro-
lein-deferoxamine copolymer for potential use in the extracorporeal
treatment of iron poisoningaB. Polyacrolein was selected because
the aldehyde groups of the polymer react with amines in neutral
or slightly basic solvents to form Schiff's bases171, while they
do not react with hydroxamic acid groups, also present in the

deferoxamine molecule, under these conditions,

Copolymers of Acrylyl Chloride and Methacrylyl Chloride with
Styrene

Our interest in the poly(acid chlorides) is because of the
high reactivity of these polymers which makes it possible to
transform them into many polymeric derivatives. Copolymers are
similarly useful because inclusion of only a small percent of
acid chloride in a polymer chain provides sites which can be
used for the attachment of grafts.

The inclusion of styrene as comonomer of the acid chloride
is based on the hydrophobicity of styrene groups that renders the
polymeric-deferoxamide insoluble in aqueous media. If homopoly
{acid chlorides) are used and reacted with deferoxamine, a com-

pletely water-soluble system is obtafned172.

Terpolymers of Methacrylyl Chloride, Vinyl Pyrrolidone, and
Styrene

To allow a more open structure for easier access of the
ferric ions into the chelating sites, a swellable network is
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necessary. We expected that by introducing vinyl pyrrolidone
units into the polymer chains we would obtain a more hydronhylic,
swellable (but not soluble) polymer. Styrene was included to
provide the hydrophobicity necessary to prevent complete solu-
bility.

Chloromethylated Polystyrene

Chloromethylated polystyrene is very commonly used as a

support for the immobilization of enzyme3173 and for the prepara-

tion of ion-exchange resins]. The chlorobenzyl aroups are very
reactive with other groups containing active hydrogens, such as

amine and hydroxyl groups174. Thus the low molecular weight

analog, benzyl chloride, reacts with primary amines to form
secondary amines, the polymer reacting in a similar way,

The bond that is formed in the reaction of chlorobenzyl and
primary amine groups is very stable to hydrolysis. Therefore,

if deferoxamine were reacted with chloromethylated polystyrene,
the drug would not be released from the polymer even in conditions

more severe than those found in blood.

Chloromethylated Amberlites
Amberlites XAD-2 and XAD-4, trademark of Rohm and Haas Com-

pany, Philadelphia, Pennsylvania 19105, are diviny1benzen$?q 198
P

cross-linked polystyrene resins available as porous beads
The presence of styrene groups and the relatively high surface

area of these beads allow them to be chloromethylated and aminated.
Deferoxamine may be attached to the beads since the size of the
pores is greater than the size of the deferoxamine molecule.

This would allow us to prepare chelating resins without disturb-
ing the scope of the beads and without having to fabricate the
polymers into an appropriate physical form that would permit a

good perfusion of blood.
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EXPERIMENTAL RESULTS

SYNTHESIS OF POLYMER-DEFEROXAMINE GRAFTS

The reaction between the polymers or copolymers with
deferoxamine utilized N,N-dimethylformamide (DMF) as solvent and
triethylamine (TEA) as basic catalyst in order to prevent reaction
of the hydroxamic acid groups with functional groups of the poly-
mers. With the exception of the chloromethylated polystyrene- ¢
based polymers, they were soluble in DMF at the temperature of
the reaction, 100-110°C.

Polyacrolein-Deferoxamine (VIII)43

Polyacrolein (1), prepared by free radical redox polymeriza-
tion of acrolein]?7, contains free aldehyde groups, hydrated
aldehyde groups, and cyclic hemiacetal qrnupsT?S, all of which
may react with an amine1?]’1?9. This is shown in Fig. 7, where
after the reaction with a primary amine three types of groups may
be found: azomethine, N-acetal, and tetrahydropyran. Thus, in
the reaction of polyacrolein and deferoxamine all the possible
structures may be found. Table 4 shows the yield and elemental
analysis of the various polymer-deferoxamine grafts. The IR
spectra of polyacrolein and polyacrolein-deferoxamine graft (YIII)
are given in Fig. 8.

Poly(acryly chloride-co-styrene)-Deferoxamine (IX) and Poly(metha-
crylyl chloride-co-styrene-Deferoxamine (X)

The poly(acid chloride-co-styrene} copolymers were synthesized
using a comonomer feed mole ratic of 1:1. The copolymer of acrylyl
chloride and styrene (II) showed more styrene units then acid
chloride units, as shown in Table 4. The reaction between the
copolymers and deferoxamine proceeds with the formation of an
amide linkage between the acid chloride group and the amine
group of the drug, as shown in Fig. 9.

POLYMER-DRUG GRAFTS FOR IRON CHELATION

P T
|

2

|
CH CH
No 5 \o/ NoH

— CH — CH

- CH2

—CH -
|

no’

hydrated aldehyde

—_— EH2

L=

—_ CH2

OH

CH\

0

Hi=:C

cyclic hemiacetal

free aldehyde

e

2

| .
\\0 ,/”c}{“‘~\.0,//”c

— CH —CH

— CH2

— CH
|

2

CH CH
W S

— CH—CH

— CH,

- EH2

H
R

H

H—C=N —R

N\

“\N/

I
R

tetrahydropyran

azomethine

N-acetals

Functional groups of polyacrolein and their reaction with

i

Fig.

178

amine

an

335



y40:43wA|od = Sjuejdeau 0 O13BJ 30N x
Y. |
Lol3ed _ ‘(suszusq[AULALP UJLM PajUL[SSOJD m
€€ | B2°E | [2°8 [BL'EB| 96 | AIX|¥L°LLl - | = ~ auaaAyshlod sL y-Qyx 23Li4cquy | 1TAl
+ |punog | punoy r=QvX SEEE&E“E?H%@SEU
||||ﬂ |||||||| o bty 3 gt e Al N A 00 e e oo e T " o o o
yﬂoﬁw; . Amcmu\:ﬂma _
: ey = ; p v e 2 -[AULALD UILM PB)UL]SSOJD aUBLALS
B | 9¢°¢ [ 1e-8 mmzww L6 |IIIX | LL°9 Siities -A1od si g-ayy 23L|43quy) Z-ayX IA
211 | Jaquy umpﬂmﬁmso»o_.:u
2:1 auaufysA|od umum;ﬁmEEoEu _
0138 J - : : |
: w2k 98°61 £0°9 wm:mm EN_._u |
= 89 | 1579|208 |oL 2L 2 el | Mrh ERESH A RIIRES 5 © ©) A
H puno4 | g9 58781 02°9 mmwmm o =
3 _ = HI = SHD = \= 1D = GD -
1 Y (T P B SS METURI R ey S e el st L BN W
5 q SoEo s =
= _ (BuopL|odaAd |AuLA-0D
m il _ m 9UBJA}S-03-3pLdo|yd A A40eYawW) Ao
: |
; 4
e LeeL |z (2979 |p1es P lef ®
@ 09 |86°L|6L°L |28°19 IX PAROANL - 5 - B9 [ o0 A
2 puno4 | §g v2'el (€27 |8L79 (629 ¢ | |- 5 e
B “OLB) \"HD HE = =H3) HsSe R
g
= P23 N H J % L2 N H J
m ﬂm;m sLsAleuy *we |3 PLSLA| “ON SLsAleuy [ejuawa|j uB 3L 5eduog .oz_..
3 = Tk o iR Il e e AawAhk Loy aseg
2
y
E |||||||||||||||||| - ————— P Sl i e I._ |||||| [ —— —— -
m .4 (susuafrs-03-3p EoEu LALA1oeyzau) A10d
B i
5 |oted 51| - |z0°9 |ootos _Uﬁu
m X L -9 - %9 - . 111
S| €5 S0°9|80'8|9/.°89 66791 - | 82°9 [90769 ¢ _ _ Z
m punod | 19 “oLB) HI il - e
{mm{ ............. _hmcm;wm:ou-mutozu LALA40e) AL 04 _
OL1Rd 2 7l - | G579 [88°0L
% punog | ¢ €
XI L1309 II
0g BZ'E | 1B'L | 9€°SL LEwL = [ EL29 Lo el _ Z _ 2
puno4 | /g *dLe) =GHa HI HI HIP=
A e R, ure|odaeflod
e = = | 669 [L1719
Loraed punog “pRad
1874 | 9%"L | 687 LS ITIA = SR I b _._n_v = N_._u I
L5 punod | 6% *aLe)
por bR oE ] e 0] N | H ) :
-jedy e PLALA| "ON S T uoL3 Lsodwo? “oN
v4d %
JawA|Lod 34edpn dowAk o asegd
sdaf|od snoLdBA O SLS3YUAS ayz 40 s1|nsay
3
b ¥ °Lqel




338 RAMIREZ AND ANDRADE
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Fig. 8. IR spectra of (a) polyacrolein (I) and (b) polyacrolein-
deferoxamine graft (VIII).

The reaction is not quantitative as shown by the percentage
of deferoxamine grafted (Table 4). The unreacted acid chloride
groups may be converted to carboxylic groups in the precipitation
of the copolymer-drug graft with 10% hydrochloric acid. The IR
spectra of poly(methacrylyl chloride-co-styrene) and of the co-
polymer-drug graft are shown in Fig. 10.
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Fig. 9.

(111) and deferoxamine.

R-NH2 is deferoxamine.
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Fig.10. IR spectra of (a) poly(methacrylyl-chloride-co-styrene)
(III} and (b) its deferoxamine graft (X).

Poly{methacrylyl chloride-co-vinyl pyrrolidone-co-styrene)-Defer-
oxamine (XI)

The terpolymer (IV) was obtained by free radical co polymeri-

zation of methacryl chloride, N-vinyl pyrrolidone, and styrene in
a 2:2:1 feed mole ratio. A ratio of 2 acid chloride units, 2
vinyl pyrrolidone units, and 1 styrene unit is obtained from
elemental analysis (Table 4). The reaction of the terpolymer with
deferoxamine proceeds with the formation of an amide Tinkage. The
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chemical equation for the reaction is similar to that of Fig. 9.
Results for this reaction are summarized in Table 4, and the IR
spectra of both the terpolymer (IV) and termpolymer-drug graft (XI)
are shown in Fig. 11.
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Fig.11. IR spectra of (a) the terpolymer (IV) and (b) its
deferoxamine graft (XI).
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POLYMER-DRUG GRAFTS FOR TRON CHELATION
Chloromethylated Polystyrene-Deferoxamine (XI1)
Chloromethylated polystyrene (V) was prepared by the reaction
of commercial po1ystyrene180 with chloromethyl methyl ether and

o
zinc chloride. To obtain a high chlorine content, the reaction l
o

time was Tonger than the one normally used181’182. The percentage = =
of chlorine from Table 4 indicates that about 80% of the phenyl e ‘

rings have been chloromethylated.

The reaction of chloromethylated polystyrene and deferoxamine

e TR
CH2

Reaction between chloromethylated polystyrene and deferox-

is shown in Fig. 12. In this reaction a secondary amine is formed,
wihich provideézthe graft with very high hydrolytic stability. The
results for this reaction are shown in Table 4. In this case,

I

there was 3.91% of unreacted QhTorine, indicating that a longer
reaction time is probably neceséary for higher conversion. The
IR spectra of'chloromefhy1ated polystyrene (V) and poly{styvrene-
co-vinyl benzy1)-dgfer0xamine (Xlﬁ)"are shown in Fig. 13.

—CH

g b

Chloromethylated Amberlite XAD-2- and XAD-4-Deferoxamine (XI11)
and (XIV) i

Chloromethylated Amberlites were obtained by the same proced-
ure used for.the chloromethylation of polystyrene. The reaction
between deferoxamine and the chlormethylated Amberlites follows
the same scheme as for the synthesis of XII. Table 4 gives the
results for tHé_reactions. IR spectra could not be obtained for
the ch]orometﬁyléféd Amberlites or the Aﬁberlitewdefeﬁoxamine
grafts due to their particulate nature.

CHEC1

PROPERTIES ‘OF THE POLYMERS -

Some physical prppeftfes of'thg polymers are given in Table 5.

Viscosity measurements could be done 6n1y on those polymers that
were soluble in appropriate concentrations.

Stability of the Grafts in Saline Solutions

Stability of the grafts in the present case refers to the
degree of deferoxamine Tiberation when the polymers are placed in

R—NH2 is deferoxamine.

amine.

Fig.12.
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MICRONS TABLE V¥
25 30 ; ) :
_loo L 80 7 4o i 18 Some Physical Properties of the Various Polymers
f 80 Polymer [n] Solubility Transition Density(c)
g No. (Solvent) Temperature(b) (a/cm?)
5 60 °C
£ (°c) :
S 40
3 I 0.38(a) Xylene, DMSO M.T. 126(d) 1.196
g 20 {water)
s : ; 11 1.05 Acetone, iso- M.T. 224 0.700
4000 3000 2000 - eeg i (CHC13)  propanol,CHCT3 -
waENMBER Owy D °° 111 0.53) CHC13,xyTene, DHF, IELT. 302 <
ROM (DME DMSO,1,2-dichToro- (some decom- ;
oo ETHYLATED POLYSTYRENE (V) ethana,dioxane,CC1a, position)
acetone
(a) IV 0.11 Swells 1in Tg 282; 0.751
(dioxane) ethanol, xylene, Dec. 358(e)
bk DMF, DMSO
NS v - Swells in DMF{hot), Dec. 252 0.915
I002.5 30 35 40 50 60 70 80 oliiz e xylene,DMS0,CHCT 3
2 VI - Insoluble in all Dec. 335 -
w i3 solvents tested :
Z 50 VII - Swells in DMSO Dec. 227 0.943
= VIII - Xylene, DMSO, Dec. 203 1.158
&40 1,2-dichlorethane
z IX - Ethanol, xylene, M.T. 352 -
3 29 DMSO, Dioxane, (with dec.)
0 1 . L . i . ‘ : ) g acetone,isopropanol
4000 3000 2000 1600 1200 800 X - Xylene, DMF Dec. 357 1.041
WAVENUMBER (CM™) XI - Swells in DMSO, Tq 261 0.964
CHLOROMETHYLATED POLYSTYRENE - DEFEROXAMINE (X} DL dklgne.
(b) XIT - Swells in DMSO, Dec. 374 1.016
; DMF, xylene
Fig.13. IR spectra of (a) chloromethylated polystyrene (V) and AT N 3“9;;5 1"t;’2' Deg. 387 B.967
; ; ichloroethane
(b) its deferoxamine graft (xI1). XIV 2 Swells in DMSO, Ty 2123 n.883
CCTq (hot) Déc. 262
a Intrinsic viscosity of a polyacrolein-bisulfite adduct
contact wi 1 i solution
deFariay w?th ?611ne So]utTcns for several days, The presence of b Determined by differential scanning calorimetry (DSC)
amine in the solutions was determined quantitatively by UV ¢ Determined by pycnometry
spect : ’ { d M,T.: Melt t t ter of peak in DSC thermogram
p : rophotometry. Deferoxamine has a strong absorption with a e Dec.: T:mger§$5$£aagr$hggﬁndecompogition started et
maximum of 210 nm (epsilon max = 32,000)' at pH 5.6, allowing a
rapid determination of deferoxamine concentration in solution.
Fig. 14 shows i1i :
h norm:1 1i (Otgz ;tab1]1ty of the various polymer grafts in Fig. 15. In both cases, the graft with the Towest stability was
saline (0. C : il :
g aC1) SOTUt10? (pH 5.6). The stability of VIII. This is due to the easier hydrolysis of the carbon-nitrogen
Prosphate-buffered saTine solution (pH 7.4) is shown double bonds. In the case of graft XII, the relatively high
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Fig.14. Stability of the various polymer-deferoxamine grafts in
normal saline solution.

concentration of Tiberated deferoxamine is probably due to some
unreacted drug entrapped in the polymer network.

The amounts of deferoxamine Tliberated from the polymers were
Tow encugh to allow us to expect similar behavior in biological
media. Blood plasma was used to determine the stability of the
grafts in the presence of other molecules, such as proteins and
enzymes, which may promote or enhance degradation of the grafts.
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phosphate buffered saline solution.

Stability of the Grafts in Plasma

The same principle, deferoxamine liberation, was used to
determine the stability of the polymers in plasma. In this case
the Tiberated drug was analyzed spectrophotometrically by forming
its Fe3+ complex and measuring absorbances at 430 nm. This method

] =
is only accurate for concentrations not lower than 9:107° mole/
liter as determined from a standard calibration curve. None of
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the polymers showed Tiberation of deferoxamine in concentrations
higher than the accurate limit, i.e., 9.107° mole/liter, after 27
hours in contact with plasma.

Iron Chelation Ability of the Polymer Grafts

Samples of the various grafts were placed in concentrated
ferric chloride solutions for 3 days. A1l the polymers took on a
brown-red color. The iron content of the polyrmers was determined

quantitatively by chemical ana1y915183

and qualitatively by energy
dispersive analysis of x-rays (EDAX) in the scanning electron
microscope.

A comparison of chelating capacity found for the grafts and
the one calculated from the nitrogen content is given in Table 6.

These results show that the capacity of grafts XIII and XIV (derived

TABLE 6
Chelating Capacity of the Various Polymer-Deferoxamine Grafts

Capacity (mg Fe/g resin)

Polymer Efficiency®
No. Calculated Found (%)

VIII 49.3 18.8 38

IX 20.8 ; = =

X 40.4 et 44

XI 30.2 10.3 34

K11 41.6 12.9 31

XIII : 14.8 6.0 41

XIV 18.6 6.2 33

a Efficiency = mg Fe found/mg Fe calculated.
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from Amberlite XAD-2 and XAD-4, vespectively) is about half of the
capacity for other polymers. However, the efficiency is comparable,
indicating that the accessability of the iron into the chelating
sites is approximately the same for all the grafts.

A gualitative analysis of the iron in the polymers is given
in Fig. 16. The traces on the left side are controls, i.e., grafts
without exposure to iron, and at the right are the results for
iron-containing grafts. The peaks at 6.4 keV reveal the presence
of ir0n184, whereas the controls do not present any peak in_that

position.

Stability Constants of the Polymer Iron Chelates
When a polymer-deferoxamine iron complex (P=DFA-Fe) is
placed in water, the following reaction takes place:

P-DFA-Fe + 3H,0 z P-DFA-H, + Fe(OH)q

> Vil
E
2 X
w
=
= X
Xil
,ahﬂkm*,“_,_J\xv_ X1
T T T T T T T T
O 24 6. B ol ST
Kev

Fig.16. Energy dispersive analysis of X-rays (EDAX) of various

polymer-deferoxamine-iron complexes. At the right are
the traces for iron complexes, and at the left for the

controls.
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The equilibrium constant for this reaction is

[P—DFAHH3} [Fe[OH}Bj

A [P-DFA-Fe] » Whgre (4)

[Fe(UH)3] = [Fe3+]so1 = iron .concentration in
solution, and
[P-DFA-Fe] = [Fes+]po1 = iron concentration in

the polymer.

Therefore

and the stability constant would be

3t
F
2 [Perloot (€

K =
[Fe3+]2501

1

s Ke
The various polymer grafts were placed in concentrated ferric

chloride solutions for 4 days to Tet them equilibrate with iron.
Then a known amount of each polymer-chelate was placed in distilled
water for 7 days. Iron and deferoxamine in solution were analyzed.
The difference between total moles of iron and moles of defer-
oxamine gives the absolute amount of iron coming from the polymer-
chelate according to the reaction given above. The iron content
of the polymers was determined183, and the stability constants
(Table 7) were calculated using Eq. (6). The values in Table 7
demonstrates that a large decrease in stability of the
deferoxamine-iron complex occurs when the drug is bound to a
polymer backbone. This is probably due to steric hindrance from
the polymer and a decrease in mobilityv of the drug molecule.
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TABLE 7

Stability Constants of the Polymer-Deferoxamine-Iran Comnlexes

Polymer Kg (1iter/mole)

X 1n6 .
XI 10°

XII 10°

X111 10t

X1V 10t

REMOVAL OF ITROM FROM SOLUTION IN RECIRCULATING SYSTEMS

Iron in Aqueous Selutions

Preliminary experiments for iron removal were carried out in
aqueous solutions, Ferric chloride solutions of relativelyv hiah
concentration (1.2 -« 1073 M) compared tn the concentratinn of
serum iron in acute poisoning cases (4.5 » 10“5 to 1.8 - 10*ﬂ M)
were used. Fig. 17 gives a schematic diagram of the svstem
employed for these determinations.

The iron solution was recirculated through the chamber con-
taining the chelating pnlymer, and samples were taken in the
outflow. The results obtained for iron concentration in the
solution at various times indicated that, with the iron concentra-
tions used, the resins became saturated after 15 to 20 min. of
initiating the experiment, showing no further decrease in iron
concentration. The results for some of the nolymers tested in
these conditions are given in Table 8.

The polymer grafts that were obtained in powder form (VIII-
X11) became agglomerated as a hard cylinder, and the snlution could
hot penetrate into the bulk of the resin, flowina onlv throuah
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o o RECORDING
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STIRRER

Fig.17. Diagram of the system employed in the experiments for
iron removal from water and plasma.

the outer parts next to the walls of the chamber. This aaalomera-

tion effect was not present in those pnlymers in bead form (XIII
and XIV).

Iron in Plasma Solutions

Iron was added to plasma in the form of ferric chloride in
concentrations of 500 to 800 ug Fe/100 ml plasma (i.e, 8.9 - 10—5

TABLE 8

Iron Removed from Aqueous Solutions by
Various Polymer-Deferoxamine Grafts

Polymer ug Fe removed/g resin
X 792
K11 2196
XIII 661
XIV 900

POLYMER-DRUG GRAFTS FOR IRON CHELATTON 353

to 1.4 « 10'4 M). Polymer X and XII gave scattered results for the
rate of fron removal. Polymers VIII, IX, and XI were not tested.,
Results for grafts XIII and XIV (in bead form) are shown on
Figs. 18 and 19. The plot on Fig. 18 is the rate of iron removal ,
i.e., decrease of iron concentration in plasma with time. The twn
polymers show approximately the same rate. A better comparison is
given on Fig. 19 where the amount of iron remaoved is observed during
the first hours of the experiments. Then the iron removed by graft
XIV starts leveling off, while the iron removed by grafts XIII
continues to increase. This result agrees with the higher chela-
ting efficiency determined for XIII (Table 6)

i000 T T I I I

¢ GRAFT Xl
: GRAFT XIV

800 }-

A
o

600

Mg Fe /100 mi
5D
3

200 o

o t 1 1 1 1
2 4 6 8 10 12

HOURS

Fig.18. Rate of iron removal from plasma.
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Fig.19. Iron removed from plasma.

CONCLUSIONS AND FUTURE DIRECTIONS

1. Deferoxamine B has been bound to various reactive poly-
mers, including polyacrolein, copolymers of acrvlic acid chlorides,
and chloromethylated polystvrenes (uncross-linked and cross-
linked).

2. The polymer-deferoxamine grafts showed good stability
in saline solutions (0.9% NaCl and phosnhate-huffered NaCl solu-

tions) and in plasma.
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3. The polymer-deferoxamine grafts maintained the chelation
ability of the drug, although the stability of the nolvmer-dryg-
iron complex was decreased compared to the stabilitv of feraxamine
(the soluble deferoxamine-iron complex).

4. The chelation capacity of the polvmer varies from 6 to
19 mg of Fe/q of resin. This value is in the rande necessary for
their application in acute iron pnisoning where the serum iron
levels vary from 0.2 to 5 mg/190 ml of blood.

5. Additional experiments should be performed in order to
study the effect of the different variahles that affect the
chelation process 1n recirculating svstems.

6. The ability of the polymer-deferoxamine grafts to remove
iron from plasma, a protein-rich medium where iron becomes less
available, opens the possibility of applving the graft connlvrer
to in-vivo situations. Experiments in animals will be the next
logical step after complete in-vitro characterization of the
grafts has been made.
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Surface Raman Spectroscopy

W. M. Reichert and J. D. Andrade

1. INTRODUCTION

A large number of publications discuss the use of Raman spectroscopy
as applied to the study of polymers in the bulk and in solution."""" The
principles of Raman scattering are thoroughly presented in modern
textbooks.'® This technique is extremely valuable in many areas of
polymer characterization, including polymer synthesis, composition, con-
formation, chain orientation, stress, crosslinking, morphology, and impurity
analysis. Only recently has Raman scattering been applied to the study of
polymer surfaces and thin films.

The Raman effect (section 2) relies on the interaction of monochromatic
light, generally the output of a laser, with vibrational/rotational modes of
molecules to produce scattered light shifted in frequency away from the
incident radiation. The magnitude of the Raman shift away from the laser
line corresponds directly to the vibrational/rotational modes which pro-
duced the scattered light. An analysis of the frequency components present
in the Raman scattered light can provide information about the structure,
concentration, and identity of the molecules presentin the scattering volume.
While the Raman process is a weak effect in terms of conversion efficiency
from incident to scattered light (= 10~® of the laser line intensity), molecular
constituents in the low-ppm range can often be identified using existing
lasers and detectors.

Systems designed for the detection of Raman-scattered laser light have
four basic components: (1) a monochromatic laser source to excite scatter-
ing, (2) an optical system for focusing the laser beam onto the sample and
for directing the Raman-scattered light to the spectrometer entrance slit,
(3) a monochromator to disperse the scattered light into a frequency spec-
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FIGURE 1. Schematic of 90° collec.

TO MONOCHROMATOR tion optics for a Raman system.

trum, and (4) a photon counter to measure the intensity of the scattered
light dispersed by the monochromator. The four components are, in general,
arranged into one of three collection geometries, the most common being
the collection of scattered light at 90° to the sample surface (Figure 1).

The use of Raman scattered light for the characterization of surfaces
and thin films is thus limited by the power of the laser light, the presence
of a sufficient number of sample scattering sites within the scattering volume,
and the efficiency with which the scattered light is collected.

2. RAMAN SCATTERING EFFECT

When monochromatic light of frequency v, encounters a molecule the
energy level of the molecule is increased by hy, where h is Plank’s constant.
This acquisition of energy causes the molecule to reach an excited virtual
state. Upon relaxation the molecule can elastically return to an energy level
equal to its original state, emitting light of energy hv,, or the molecule can
inelastically return to an energy level higher or lower than its original state
emitting light of energy h(v, — »|) or h(v, + v,), respectively (Figure 2).

The vast majority of such molecular transitions emit light at the same
frequency as the incident light (v,). This elastic emission of light is called
Rayleigh scattering. The small number of inelastic transitions which cause
light to be scattered at frequencies away from the Rayleigh line produce
Raman-scattered light. The light scattered below v, gives rise to Stokes lines
(vo — 1) and that scattered above v, the anti-Stokes lines (v, + »,) (Figures
2 and 3). .

Molecular transitions resulting in scattered light occur when the oscil-
lating electric field vector of the incident light exerts oppositely directed
forces on the electrons and nuclei of the illuminated molecule, thus inducing
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Vigual o o i o
States
e~ e TSN B e
hv, | hy, | hlv,+v,)
& hv, | hy,
s
78] 2
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hiv,=v;) | | Ll
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r y v=0
Stokes Rayleigh Anti-Stokes

FIGURE 2. Energy level diagram showing elastic (hv,) and inelastic [/ (v, — vy) and h(v, +
)] molecular transitions.

an alternating dipole moment. The alternating dipole in turn emits the
radiation detected as scattered light. If the polarizability of the molecule
remains constant during illumination then the emitted radiation will have
the same frequency as the incident light (Rayleigh scattering). However, if
the molecule has a periodic change in polarizability (via vibrational or
rotational modes) a small portion of the emitted dipole radiation will be

/\—\‘/\..-.___
Stokes Line o
Royleigh Anti-Stokes Lina
Line
e.c:ﬁ: 500 ) 500
cm 19,992 20,492 20,992

FIGURE 3. A hypothetical Raman spectrum displaying the Rayleigh line (v;), Stokes line
(#y — 1), and anti-Stokes line (#, + »,). Note the relative intensities and symmetrical distribu-
tion. [Reprinted from Reference (9), p. 9, by permission.]
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shifted away from the Rayleigh line. The frequency shift results from a losg
[A(vy — »,)] or gain [h(», + »,}] of energy equal to an energy level INCreage
or decrease of the mode which altered the molecular polarizability. Thig
altered dipole radiation is emitted as Raman-scattered light. Because an
energy level increase and decrease are both probable the Raman-scatterey
light is shifted symmetrically with respect to the Rayleigh line (Figure 3).
The magnitude of the frequency shift away from u, is characteristic of
specific modes. This fact makes Raman scattering a powerful characteri.
zation technique. '‘An excellent overview of the Raman effect is given in
Reference (9).

The ability of a molecule or molecular substituent to emit Raman
scattered light can (in theory) be considered in terms of a polarizability

interaction parameter called the Raman cross section.® This term measures °

the rate at which a given scattering site removes energy from the incident
beam, relative to the intensity of the incident beam. Using this concept the
Raman signal intensity, I, in counts per second is given by

;- NoQLe do

7 E dQ} (1)

il

where N = concentration of scatterers in number of scatterers per cm’,
® = total scattering volume imaged onto the spectrometer entrance slit in
em’, ) = solid angle of the collection optics in steradians, I, = average
intensity of the laser within the volume ® in watts/cm?, e = overall efficiency
of the Raman spectrometer including lens reflection losses, spectrometer
throughput, and the quantum efficiency of the photodetector, E, = eiergy
of a laser photon in joules, and do/dQ) = differential Raman cross section
of a single scatterer per unit solid angle of collection in units of
cm?/steradians. The Raman cross section of many gases are readily avail-
able;"" however, the values pertaining to solids and liquids have to be
estimated from similar bands found in the gas literature.

3. SURFACE AND THIN FILM RAMAN SPECTROSCOPY

3.1. EXTERNAL REFLECTION

The majority of surface Raman studies have used an externally reflected
laser beam (Figure 1) to excite Raman scattering from sample mo]ecuh?s
adsorbed onto various substrates. The choice of substrate and sample 15
dependent upon: (1) the ability of the substrate to absorb a large number
of sample molecules within the scattering volume of the reflected beam,
and (2) on the ability of the sample to scatter light which is easily distin-
guished from the light scattered by the substrate. Generally the substrates
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were high-surface area oxides or silicates whose Raman spectra were
sufliciently weak or simple to allow detection of the Raman lines arising
from the sample. In most cases the spectrum of the adsorbed sample was
compared to the bulk sample spectrum to detect shifts in the Raman bands
that could give information about the adsorption process. These studies,
their results, and problems have been reviewed in detail by several
authors.“""“

The application of external reflection Raman to the study of surface-
adsorbed polymers has been limited. Koenig and Shih'"'® used this tech-
nique to study glass and silica fibers treated with vinylsilane and methyl
methacrylate. In these studies it was found that treatment of the fibers with
silane produced a chemically bound surface coat of poly(vinylsilane) (PVS),
and that polymerization of methyl methacrylate (MMA) in the presence of
the PVS-coated fibers resulted in a chemically bound PMMA/PVS copoly-
mer on the fiber surface. Rives-Arnau and Sheppard®® and Tsaj er al"
used external reflection Raman to study the polymerization of acetylene on
rutile (TiO,) surfaces and its decomposition in the presence of oxygen,

Although the external reflection technique has been relatively fruitful,
the adsorbed species produce inherently weak bands, usually 1077 I, where
1, is the intensity of the reflecting laser beam.

In addition to increasing the number of sample scatterers present within
the scattering volume, some methods exist for improving the collection of
the light scattered by the sample. One approach is to use high laser power,
high signal amplification, long photon counting times, or slow scanning
speeds. The use of repeated scans for signal averaging purposes often
produces high levels of background scattering which can swamp out the
weak bands of the adsorbed molecules. Another option is the use of tunable
dye lasers to obtain a resonance Raman effect which can enhance Raman
bands of certain samples by a factor of up to 10°.? Other investigators
have attempted to improve the inefficient use of the incident beam intensity
in generating scattered radiation.

Connel et al® developed a system where the thickness of the sample
and an underlying dielectric layer are adjusted such that the beam reflected
from the sample is exactly cancelled by the light reflected at least once from
a metallic reflector base upon which the sample and dielectric film rest
(Figure 4). Furthermore, the conditions which allow the sample to have a
zero reflectance are exactly those required to create an in-phase addition
of the scattered radiation emitted from the sample, thus producing a stronger
Raman signal.

Greenler and coworkers® used a multi-reflection technique to
improve the exposure of the incident laser light by coating samples onto
the surface of two parallel silver mirrors (Figure 5). Here a large standing
Wave is established at the mirror surface whose intensity is proportional to
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FIGURE 4. Schematic of in-phig,
addition geometry to enhance the
Raman signal from thin film sample.
[Reprinted from Reference (22) . M,

AEFLECTOR S
by permission.]

the Raman scattering of the sample. This intensity is maximized through
proper selection of the laser beam incident angle and the mirror separation.
Additionally, the intensity of the collected scattered light could be maxi.
mized at a certain collection angle. This study'®* is of particular interes|
because the 1002 cm™' Raman line of polystyrene was observed in films as
thin as 50 and 200 A (Figure 6). However, Greenler and coworkers did note
that this technique is perhaps an order of magnitude less sensitive than that
required for polymer surface and monolayer investigations.

CYLINDRICAL
LENS

SAMPLE
“~._ MIRRORS
~

o

-~

ROTATABLE
MIRROR

SPECTROMETER

OPTICAL
AXIS

FIGURE 5. Schematic of the system used to record the Raman spectrum of polystyren® on
silver mirrors. [Reprinted from Reference (24), p. 384, by permission.]
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FIGURE 6. Raman spectra ol polystyrene on silver

mirrors. Band marked by the arrow is at 1005 cm™". W B
{A) Spectrum of clean silver mirrors; (B) spectrum
of silver mirrors rinsed with benzene; (C) spectrum
of 50-A layer of polystyrene on silver mirrors; (D)
spectrum of 200-A layer of polystyrene on silver
mirrors. [Reprinted from Reference (24), p. 384, by
permission.]

3.2. TOTAL INTERNAL REFLECTION (TIR)

Within the last five years or so several groups have been exploiting
total internal reflection (TIR) optics to investigate the Raman scattering
from a small region extending from the sample surface to a depth of about
one wavelength of the incident laser beam. The basic sample configuration
of a TIR Raman experiment consists of a three-phase system, n, > n, = n,
(Figure 7), where n, is the index of refraction of the three phases. In general,
ny is the semi-infinite incident medium, usually an internal reflection
element, n, is the thin film sample of thickness d,, and n, is the semi-infinite
final phase.

DOVETAIL PRISM

LASER BEAM

TR = JTHIN FILM (nj)

7 l\na (AIR)

RAMAN SCATTERED LIGHT

COLLECTION OPTICS

FIGURE 7. Schematic of basic l
three-phase sample configuration

of a TIR Raman experiment. TO MONOCHROMATOR
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TABLE 1
TIR Raman of Thin Films

Incident phase (n,) Sample film (n,)" Final phase (n;) Rerert’llu;

Flint glass S, Air 26
Water CO dye Air 29
CCl, BRBS dye Water 30,31
Flint glass® Hemin, bilirubin, cobalamin Air R)
Quartz i C,H,OH Alr 32
Fused silica PVA Water 33
Sapphire Bovine albumin Air 34
Sapphire PS Air 34
Sapphire PS PE 35,36
Sapphire PS PC 36

“ BRBS = Brilliant Red BS, CO = Cetyl Orange, PVA = poly(vinyl alcohol), PS = polysiyrene, pi: .
pulyethylene, PC = polycarbonate.

TIR Raman was apparently first proposed by Hirschfeld in 1970."*"
Another early study was that of lkeshoji et al®® Detailed theoretical
treatments of TIR Raman are available in the literature,'*”*® Table 1 lists
the recently reported applications of TIR Raman to the study of thin films.

Briefly, the Raman scattering of thin film samples is excited by a partial
penetration of the totally reflecting laser beam below the n,/n, interface.
This penetration produces an exponentially decaying, or evanescent,
intensity field in n, and n;. From theory, the fraction of the evanescent
intensity residing within the film (I,) and the final medium (/;) is propor-
tional to

2
T
Lo | -0 g-2dya,, (2)
|1]
and
Lo ¢~2/%, (3)

respectively. The terms |t| and |T| are the transmitted interfacial electric
field amplitudes during TIR at the n,/n, interface in the absence of a film
(d, = 0) and at the n,/n, interface in the presence of a film of thickness d,
respectively. The value d,, is the depth of penetration of the final mediu™
which defines the rate of the electric field decay from the ny/n; 1ntt:l'fd‘»‘e
into n;. The light scattered by the sample is proportional to this field
intensity. The electromagnetic considerations of TIR have been discuss¢
in detail by Knutson and Reichert.*”
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Beyond such factors as collection optics and laser power, there are
three basic considerations when designing a TIR Raman experiment: (1)
the Raman spectra and background scattering of the incident and final
phases, (2) the sample thickness, and (3) the angle of incidence of the laser
peam at the n,/n, interface (6,) which must be greuter than the critical
angle (6,) for total reflection [6, > 6, = sin ' (no/n,) = sin ' (n;/n,) where
0, > Ma = 0yl

The Raman bands from the incident and final phases mix with those
arising from the sample film, thus presenting a problem when trying to
isolate the sample spectrum. The optimum situation is one where n, and
iy are colorless, transparent, possess no Raman bands within the region of
the sample spectrum, and have no background scattering. For.organic
samples the incident phase is a high index material like flint glass or sapphire.
Sapphire is particularly suitable because of its high purity (low background
scattering) and lack of Raman bands above 800 cm ™" which is the fingerprint
region of most organic materials.”® The final medium is generally air or
water, both of which are poor scatterers of light and have relatively low
refractive indices.

The application of TIR Raman to the study of thin polymer films has
essentially been limited to the work of Iwamoto er al.***** This group has
published the TIR Raman spectra of several polymers, most notably an
investigation of polystyrene thin films (Figure 8).

The effect of sample thickness (d,) and incident angle of the laser beam
at the n,/n, interface (#,) arises from their influence on the intensity
distribution of the evanescent field and hence the intensity available to

1000 ¢cps

Intensity

FIGURE 8. TIR Raman spectrum
of a 0.7-m thick polystyrene film
at the critical angle. Marked peaks
are due to the sapphire internal
reflection element. [Reprinted from

Reference (34), p. 586, by per- 600 100 20O 1000 800 . 660 @00 70
mission. | Wavenumber (cm)
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FIGURE 9. Relative TIR Raman intensity R(z,) of a polystyrene film as a function of lilm
thickness z;. Incident iaser light is 488 nm. Solid curve: theoretical; circles: experimenty.
[Reprinted from Reference (36), p. 4786, by permission.]

excite Raman scattering within the film. The variables in Egs. (2) and (3)
are all functions of sample thickness and/or incident angle,

Figure 9 is a plot from the work of Iwamoto et al.*® showing theoretical
and experimental TIR Raman intensities. The 1002 cm™' polystyrene peak
is plotted as a function of sample film thickness for a system where n, is
sapphire, n, is the polystyrene film, and n; is a polycarbonate substrate.
The experimental Raman intensities, R(z;), were scaled relative to the
intensity of a polystyrene sample much thicker than the distance penetrated
by the evanescent field intensity. The experimental intensities were calcu-
lated from Egq. (2). Here a system was chosen where n, = n,. This simplifies
Eq. (2) to 1 — e %% where d, is now the depth of penetration for both
the polystyrene film and the polycarbonate final phase.

For films much thinner than the laser wavelength (z, = d, < A) the
Raman intensity increases linearly with film thickness (Figure 9). In this
linear region the sample comprises less than half of the total evanescent
field intensity in n; and n;, thus making room for a considerable contribution
from the final medium to the observed Raman spectrum. However, for film
thickness on the order of a wavelength or greater (z, = d, = A) the Raman
intensity of the film levels off, thus indicating that the polystyrene film
thickness is reaching and eventually extending past the volume occupied
by the evanescent field intensity.

Iwamoto et al.”® also demonstrated the effect of incident angle, 01
on the measured Raman intensity of the polystyrene film (n,) and the
polycarbonate final phase (n,). Figure 10 is an experimental and theoretic_al
plot of the 890 cm™ polycarbonate: 1002 cm™' polystyrene band intensity
ratio (I3¢/1p¢") as a function of 8, where 0, is greater than the critical
angle for total reflection (0,.). The theoretical intensity ratio was calculated
from the ratio of Eq. (2) to Eq. (3) where n, = n,. Theory states th®
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FIGURE 10. Dependence of relative TIR Raman intensities of the polycarbonate final phase
(IE) to the polystyrene thin film (I}%?) on the angle 8 away from the critical angle 8,
(8 =8, — 8.). Solid curve: theoretical; filled and open circles: experimental. Also note the
effect of polystyrene film thickness. [Reprinted from Reference (36), p. 4789, by permission.]

evanescent field reaches its maximum scattering volume for 8, = 6, and
decreases steadily as 8, increases away from 6.7 This pattern is consistent
with the data in Figure 10. With an increasing incident angle away from 6,
the scattering volume recedes away from the polycarbonate final phase into
the polystyrene causing I3¢ to decrease and the ratio of I$/11%2 to do
likewise. Also note that in the thicker polystyrene film the intensity ratio
goes to zero which indicates that at higher 8, values the evanescent field
decays completely within the polystyrene film. The discrepancy between
theory and experiment may be attributed to divergence of the laser beam
and the fact that the Raman bands of polystyrene and polycarbonate have
different Raman cross sections."®
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The use of single reflection TIR Raman for the study of polymer
surfaces is limited by the need for ultra-thin films (~50 A) to increase the
surface to volume ratio of the sample and hence the surface Raman signal.
Unfortunately, this requirement produces a situation where the sample
comprises a very small portion of the total evanescent scattering volume,
thereby producing very weak Raman signals. Consequently, this technique
is restricted to those transparent polymers with very strong scatlering peaks.
Polystyrene is 4 possibie candidate for surface studies due to the identificy-
tion of distinct Raman peaks in films as thin as 600 A *” Another potential
solution to this dilemma is a multiple reflection configuration to increase
the number of reflection sites that contribute to the sample spectrum,

3.3. WAVEGUIDE METHODS

Swalen er al***" have described waveguide integrated optics and its
application to determining polymer film thickness and refractive index. As
shown by Rabolt er al™* and Levy er al"®” the waveguide geometry
provides an excellent technique to excite Raman scattering in micron and
submicron polymer films (Figure 11a). The excitation source is the guided

Double
Monochromator
(a)
© Collection Lens
Laser
Beam Air

T

(6>  Film

Substrate

(b}

Prism

Air

/Coupiing Air Gap

FIGURE 11. (a) Instrumental arrangement for recording the waveguide Raman spectrum of
thin polymer films. (b) Laser beam coupled into a thin polymer film and undergoing multiple
internal reflections. [Reprinted from Reference (44), p. 550, by permission.]
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wave which propagates down the length of the polymer film by total internal
reflection back and forth bclweer] the two film interfaces (Figure 11b). Here
the refractive index of the film (n,) must be greater than the relractive
indices of the two adjacent media [n, (air) < n, (polymer waveguide) ~ n,
(substrate}).

In addition to satisfying the critical conditions for total reflection at
the n/n; and n,/n, interfaces [sin~' (n,/n,) < 0, > sin~' (n3/n,)] the angle
of reflection within the film (#,) must equal one of the discrete angles
associated with guided modes. The specific angles are required because the
light wave in the film is not a single ray as shown in Figure 11b but a
summation of light rays. The repeated reflection back and forth of these
rays produces various interference patterns within the film depending upon
the phase relationship between the reflecting rays. For a given set of n,, u-.
n, film thickness ds, and laser wavelength A values there exists a finite scl
of 8, values which permit constructive interference patterns to develop.
allowing the wave to propagate down the film. The propagating wave is
called a guided mode.

More specifically, three events within the film alter the phase of the
reflecting light rays: total reflection at the n,/n, and ny/ ny interfaces, and
traversing the film. If these phase changes sum to a multiple (m) of 27
then constructive interference results and a guided mode is launched. For
a given mode number m, there are (m + 1) field intensity modes across the
film. Figure 12 shows the field intensity distribution across a poly(vinyl
alcohol) wave guide (n,) for the four guided modes which the waveguide
will support. Also note the evanescent fields created in air (n;) and the
quartz substrate (n,). Eigenvalue equations have been developed for calcu-
lating the mode-generating angles (6,) as a function of ny, ny, ny, d,, and
A. The theory of total internal reflection is discussed elsewhere.*” The
theory of optical waveguides has been presented by Marcuse‘*? and Kapany
and Burke.'**

The waveguide system shown schematically in Figure 11 couples the
laser light into the polymer film by an evanescent field created in an
approximately 500-A air gap between the polymer film and the high-index
prism. The coupling angle ¢ is adjusted to obtain (via Snell's Law) the
proper angle 8, that will allow the coupled beam to propagate down the
film. The Raman scattered light is collected at an angle 90° to the direction
of the guided mode. Through the principle of reciprocity, the beam can be
coupled back out at the other end of the waveguide through another coupling
prism,

In addition to collecting the Raman-scattered light directly from the
polymer waveguide, *****” this geometry has been used to obtain the Raman
Spectra of ultra-thin polymer films spun cast on top of the waveguide™**-*"
and the evanescently excited resonance Raman spectra of Langmuir-
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FIGURE 12. Mode intensity patterns for a 2.3-um thick PVA waveguide. [Reprinted from
Reference (41), p. 169, by permission.]

Blodgett dye monolayers deposited on the polymer waveguide surface.'*’-*
These studies are summarized in Table 2.

The advantages of the waveguide Raman technique lie in the efficient
manner in which guided modes excite Raman scattering within polymer
films. Difterent mode intensity patterns emphasize different portions of the
polymer waveguide (Figure 12). This feature is particularly effective in the
study of polymer laminate structures,**-*%

Typically, one observes a factor of 10 to 100 more reflections/cm with
a guided mode than from an attenuated total reflection experiment. These
multiply reflected beams produce a large scattering volume inside the thin
films which appears macroscopically as a streak. The streak then can be
focused directly onto the monochromator slit. Figure 13 compares two
Raman spectra taken by these authors of the same I-um polystyrene film
using the conventional back-scattering (external reflection) and the
waveguide-enhanced techniques. Note the excellent signal enhancement
(~55) and signal-to-noise ratio of the waveguide-enhanced spectrum.

Finally, the evanescent streak at the waveguide surface can be used to excite
the Raman spectra of very thin films deposited on a polymer surface (Figure

14).
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; TABLE 2
Waveguide Raman Spectroscopy of Polymers and Langmuir-Blodgett
Dye Monolayers

Spun cast

Substrate Waveguide" polymer film" Dye monolayer” Reference
Pyrex PS (122 um) 44
Pyrex PMMA (1-6 1 m)
PMMA PVA (1-2 yum) 465?1?
Pyrex PVA (1-2 um) PS (0.25-0.5 um) 45 4;6 47
Pyrex PVA (1-2 um) PMMA (0.25-0.5 am) '4‘6 4‘-;
Pyrex Corning glass (1 um) PS {0.05-0.5 um) 4:‘5
Pyrex Corning glass (1 um) CP dye, SQ dye 47,48 49
Pyrex PVA (1-2 um) CPldye 4'7, 4‘9

: P.S = polysl?'mnc. PVA = poly(vinyl alcohol), PMMA = polvimethyl methacrylate),
CP=1, l-d|0ctadecyl-2,2-cyanine perchlorate, SQ = Squarylium. ]
3.4. PLASMON ENHANCEMENT

Because .the Raman signal intensity is directly proportional to the
average laser intensity [Eq. (1)] any technique or trick which concentrates
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FIGURE 13, Comparison of waveguide and back-scattering Raman spectra of a |-um poly-
styrene film.
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FIGURE 14. (a) Schematic of chromophore orientation on the waveguide surface and input
laser polarization for TE and TM modes of propagation. (b) Resonant Raman spectra of the
adsorbed chromophore in the 1320-1420 cm™ range. [Reprinted from Reference (41), p. 7
by permission.]

is the interfacial volume, the trick is to couple or direct the laser beam
energy only into the surface or interface of interest,

The optical and dielectric properties of matter are, to a large extent,
determined by the interactions of the constituent atomic and molecular
orbital electrons with the light. In the case of metals, the optical properties_
are dominated by the fact that one has a free electron gas in the bulk of
the material. It can be shown that this free electron gas has its own resonance
frequencies called plasma frequencies or plasmons. The plasma oscillation
is a collective longitudinal excitation in the free electron gas. The energy
associated with these plasma oscillations is directly measurable through
electron energy loss measurements and is observed in XPS spectra (Chapter
5). These energies are in the range of roughly 4-15 eV for metals and 12-17
eV for various semiconductors.”®"’ Because of the different bonding environ-
ments in the vicinity of any surface, the electrons near the surface of the
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metal have different resonances or plasmon excitation energies from those
in the bulk. Thus, surface plasmons are observed and can be readily
measured by variable angle XPS (Chapter 5). Surface plasmons are generally
several eV lower in energy than the bulk volume plasmons.

If one can direct a beam of light onto a metal surface or interface,
such that the bulk or surface plasmons are excited, then this becomes a
means of Raman signal enhancement. This is conveniently done in the case
ol silver films in the visible region by the use of total internal reflection
optics which provide excitation of the bulk silver film plasmons through
evanescent coupling.

The theory and mechanism of photon-excited bulk and surface plas-
mons has been extensively treated.”' > Chen er al. showed in 1976 that
excitation of a 500-A thick silver film, at the appropriate angle under total
internal reflection conditions, resulted in the excitation of surface plas-
mons.”™" A specific well-defined angle of incidence is required in order to
match the momentum components parallel to the surface for the photons
and the surface plasmons. Under these conditions, the light intensity at the
interface between the silver film and the ambient environment exceeds that
of the incoming light up to two orders of magnitude, a substantial enhance-
ment. Chen et al. suggested the application of this technique to Raman
spectroscopy. In 1979 a number of groups demonstrated that this geometry
can be used to obtain Raman and fluorescence spectra from thin films
deposited on the silver support.”*=*® A particularly nice demonstration is
the study by Benner et al,*® using a strontium titanate hemi-cylinder with
silver deposited on one part and not on the other. It is convenient to use
a hemi-cylinder which facilitates determination of the precise coupling
angle,

Although the silver plasmon enhancement method has not been used
for the study of polymer monolayers to any great extent, it obviously has
considerable potential. It has been used for the study of phospholipids and
related monolayers by Dupeyrat and his coworkers where Raman spectra
from films as thin as 75 A have been detectable.””’-%% A detailed treatment
of the entire methodology has recently appeared.”®®

As long as the coupling requirements are met, the surface plasmon will
be excited. This condition can be achieved through the use of appropriate
surface geometries, such as by putting the silver film on a suitably prepared
diffraction grating. This technique has been pioneered by the group at IBM
Research Labs in San Jose."*” Another approach is to use evanescent
coupling via the so called “Otto-geometry” as opposed to the Kretschmann
geometry which used classical ATR methods.*®

It is generally accepted that a 500-A uniform silver film deposited on
the appropriate dielectric results in the optimum bulk and surface plasmon
enhancement. Therefore, one can begin to consider the silver film as a
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sensor or probe. If one now places a polymer surface in contact with i, in
principle, one would obtain a spectrum of that interlacial region. Cleary

¥ - -
this technique has some potential for polymer surface analysis.

3.5, SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS)

During the last ten years, a technique has become available which
utilizes external reflection from silver island films (as opposed te the co.
tinuous film discussed in the previous section) producing enhancements jp
the Raman signal of 10” to 10°. This method, called surface-enhanced Ramun
scattering or SERS, is being studied as a means to grea_tly er'lhance the
Raman scattering of monolayers and interfaces. The e[Tectl is believed to bc
due to at least two component mechanisms. One nons?emﬁc con'fponenF is
due to the unique dielectric properties of very thin sﬂjver collmds which
results in a local intensity enhancement of perhaps 10° to 10°. The other
component may be due to more specific silver surface effects. Whatever the
exact nature of the mechanisms, thin silver island films are useful as probes.
Submonolayers of various species can be de‘positcd on these films and
respectable Raman spectra obtained in short times. This method has been
used in a very limited way to study polymer 5urfaces_by Murray and Allara
at Bell Laboratories'®”’ and has been used to study biomolecules by Cotton
et al®” The method is described in detail by Cotton in Volume 2. A recent
monograph is also available."*® It certainly merits consideration as a means
for the study of polymer thin films.

4. INSTRUMENTAL IMPROVEMENTS

There have been significant advances in the last several years in tl}:e
components of Raman spectrometer systems. Most notable I'mas Fn[een ; z
development of optical multichannel analyzers (OMA), which a !'owreal
significant proportion of the total Raman spectrum to b'e 'delected 13 '
time through the use of intensified photodiode array or vidicon type de =
tors.®” These OMA’s allow an increased throughput and therefore o
increase in signal-to-noise by a factor of approximately 100 or n'n:nrr:_.n s
Advances have been made in the design of spectrometers and thelr‘gratl ngd
which allow more efficient throughput of the Raman scattered light a
more efficient rejection of the Rayleigh scattered line. i

The collection optics on the front end of the spectrometer hav'e fas
optimized and improved considerably. The use of microscope optICie;h_
not only permitted the development of micro-area or Raman Probe o
niques, which have been widely applied to polymer analysts, l'Dlltswai
improved the overall collection efficiency for many Raman applications.
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The continued extensive development in lasers and the recent development
ol truly simple trouble-free, easy to operate, tunable laser systems is making
resonance Raman a useful routine analytical technique in many laboratories.

These many developments have permitted at least one group to obtain
spectra of submonolayer quantities using conventional Raman, i.e., employ-
ing nonresonant methods and without any optical enhancements.!®”!

5. CONCLUSION “

Although Raman spectroscopy is certainly not a routine or well-known
technique for the characterization of polymer surfaces today, the methods
we have outlined for enhancing the Raman signal, coupled with continued
advances in instrumentation, certainly lead us to anticipate that Raman
spectroscopy of polymer surfaces will be widely applied in the near future
and can be expected to be a common routine polymer surface characteri-
zation method in the not very distant future.
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Evanescent Detection of Adsorbed Protein Concentration-Distance
Profiles: Fit of Simple Models to Variable-Angle Total Internal

Reflection Fluorescence Data
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Total internal reflection fluorescence spectroscapy (TIRF) is an estab-
lished techmique for following the course of interfacial reactions. The-
oretically, by gathering TIRF data as a function of observation angle,
one can obtain the density of fluorophores with respect to distance away
from a solid/liquid interface. In order that the practical application of
the theory might be explored, variable observation angle data from so-
lutions of fluorescein and from adsorbed layers of fluorescein isothio-
cyanate labeled immunoglobulin have been analyzed in terms of simple
concentration-distance profiles. In all cases the general shape of the
data curves was found to conform to the theoretical expectation. Layer
thickness determinations varied over a range of 20 to 100 nm, with
concentrations in the layer ranging from 12 to 61 mg/mL. The theoret-
ical background, sources of error, and system improvements are also
discussed.

Index Headings: Analysis for protein adsorption; ATR spectroscopy;
Fluorescence; Surface analysis.

INTRODUCTION

Total internal reflection fluorescence (TIRF) has pro-
vided a sensitive, real-time, interfacial technique for de-
tecting the fluorescence of proteins as they adsorb from
solution to the solid/liquid interface.'” Variable-angle
total internal reflection fluorescence (VA-TIRF) has been
used to determine the depletion layer thickness of flu-
orescent macromolecules near an interface.** In the same
manner VA-TIRF should provide a mechanism for cal-
culating the concentration-distance profile of an inter-
facially adsorbed fluorescent protein layer. We contend
that this variable-angle fluorescence technique is a
quantitative alternative to fixed-angle TIRF, multiple
total internal reflection infrared spectroscopy, and ellip-
sometry, as well as to the ultra-high-vacuum techniques
of variable-angle x-ray and Auger photoelectron spec-
troscopy.

There exist two basic approaches for finding the con-
centration profile of fluors from VA-TIRF data: (1) make
a guess of the general form of the profile, which can be
expressed explicitly in an equation, ¢(z), and then cal-
culate how the estimated curve fits the data; or (2) use
an inverse Laplace transform numerical method to con-
struct c(z) by expressing the fluorescence data in terms
of the Laplace transform. Here we used the first ap-
proach to test the fit of VA-TIRF data to two simple
concentration profiles: a fluorescein solution approxi-
mated by a constant function and a fluorescein labeled
protein film approximated by a step function. This study
concludes that VA-TIRF data from an adsorbed protein
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layer conform to a Laplacian format. Application of the
second approach for the numerical reconstruction of
more complex protein concentration-distance profiles
directly from the collected fluorescence data is dis-
cussed.

VA-TIRF THEORY

Fluorescence Excited Within the Evanescent Volume.
Consider two transparent dielectric media of different
optical densities sharing a common boundary. The total
internal reflection phenomenon occurs when light prop-
agating the more optically dense medium (n,) strikes the
boundary with the less dense medium (n,) at an incident
angle (0,) greater than the critical angle (8,), which forces
the refracted light to travel parallel to the interface (Fig.
1a). From Snell’s law (n;sin #; = n,sin #,) this critical
condition (§;, = 6, and 6, = 7/2) is calculated as 6, =
sin—!(n,/n,), where n, and n, are the refractive indices
of the more and less dense media, respectively (n, > n,).

If 6, is increased beyond #, then 6, becomes complex
(0, = w/2 + i8, where 8 = cos h—*[n,sin §./n,]), causing
the refracted beam to rejoin the slightly shifted reflected
beam (Fig. 1b).> 7 This situation produces a zero net flux
of light energy across the interface because all of the
incident light is eventually reflected back into the more
dense medium; hence the term total internal reflection.
However, the electromagnetic boundary conditions re-
quire a small fraction of the incident intensity to pene-
trate the interface into the less dense medium before
rejoining the totally reflected beam. The intensity of this
interfacial field, typically called the “evanescent wave,”
decays exponentially with distance away from the total-
ly reflecting interface into the less dense medium (de-
cays essentially to zero within one wavelength’s distance
normal to the interface). The absorption or scattering of
the evanescent wave within the interfacial region of the
less dense medium is the basis of all total internal re-
flection spectroscopies.

The fluorescence intensity excited in a given volume
is proportional to the product of the fluor concentration
and the intensity of the exciting light contained within
that volume. In the TIRF configuration the fluorescence
intensity emitted from a differential volume of the less
dense medium a distance z below the totally reflecting
interface is proportional to:

c(2),(0)exp[—s(8.)z] (1)

where c(z) is the concentration of fluors in the plane
defined by the distance z and [,(6;)exp[—s(d;)z] is the
light intensity (per unit area) of the evanescent wave at
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Fra. 1. [Illustration of the total internal reflection phenomenon: (a)

for incident angle equal to the eritical angle and (b) for incident angle
greater than the critical angle (note the penetration of light across the
interface).

the distance z which has decayed exponentially from the
value transmitted across the interface at z = 0. For
transparent media where n, > n, and 6, > 6., we have
for perpendicular polarized light:

5(8) = (4n/\) [(n,sin 67 — n,?]" (2a)
L(0:) = L|t(6)]° (2b)

where A, is the vacuum wavelength of the totally reflect-
ed beam, [, is the incident light intensity and |£(6,)|2 is
the magnitude squared of the Fresnel transmission coef-
ficient given by:

|£(6.)|% = 4 cos?h,/[1 — (n./n,)?]. (2¢)

The total influorescence is proportional to the summa-
tion of all of the fluorescing differential volumes in the
region bounded by the intensity of the evanescent wave.
In the limit, the total fluorescence excited in the “eva-
nescent volume” is given by the integral (see Ref. 1,
Chap. 2):

F(8) = k.epA.L|£(8.) ]2 ‘J; c(z)exp[—s(f)z] dz (3)

where € is the extinction coefficient and ¢ is the fluores-
cence quantum efficiency, A, is the area illuminated by
the totally reflected incident beam, and k; is a propor-
tionality constant.

From Egs. 2a-2c¢ it can be shown that a continual
increase in 0, beyond the critical angle for total reflection
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Fic. 2. Illustration of the principle of reciprocity as applied to VA-
TIRF: (a) concept of the two superimposable evanescent fields repre-
senting the excitation and observation evanescent volumes (note: this
is a simple construct presented for the purposes of illustration); and
(b) calculated variable observation fluorescence spectrum from fluors
emitting from the water side of a quartz/water interface.

OBSERVED
FLUORESCENCE INTENSITY

simultaneously causes: (1) a decrease in the intensity
transmitted across the interface into medium n, (|£(6,)|2
decreases); and (2) an increase in the decay rate of the
evanescent wave in medium n, (s(f,) increases). These
factors reduce the “size” of the evanescent volume,
which, in turn, reduces the amount of evanescently ex-
cited fluorescence (F(f,)). The above relationship be-
tween F(f;) and s(f.) means that Eq. 3 can also be ex-
pressed as a function of the decay factor s(8,):

o=

Fls(6,)] = kfequ,-L-H(ﬂ,-_)FJ | c(z)exp[—s(8,)z] dz.
(4)

Observation of Evanescently Excited Fluorescence.
Variable-angle TIRF (VA-TIRF) is based on the prin-
ciple that the collected fluorescence intensity is a func-
tion of three parameters: (1) the amount of light inten-
sity in the evanescent volume available to excite
fluorescence, (2) the distribution of fluors in the evanes-
cent volume, and (3) the amount of evanescently excited
fluorescence that couples back across the totally reflect-
ing interface and propagates at a given angle to the pho-
todetector. The first and second parameters are ac-



counted for by Eq. 4. The third parameter, the observed
fluorescence, is regulated by the observation angle 8,
through the principle of reciprocity, which, in this con-
text, is essentially a reverse total reflection phenomenon.

In order to better understand the role of the obser-
vation angle, again consider the two transparent dielec-
tric media n, > n, (Fig. 2a). Snell’s law and basic elec-
tromagnetic theory state that light propagating from n,
onto the n,/n, interface at an angle 6, > 6_ will create an
evanescent wave in n, confined to the equation |£(8,)]?:
exp[—s(f,)z] (see Eqgs. 1 and 2). Conversely, light ema-
nating from the n, side of the n,/n, interface and prop-
agating into n, at an angle #, > 6§, must originate from
an evanescent source in n, governed by the equation
|£(8,) | “exp[—s(8,)z]. The form of [z(6,)|% and s(f,) for
perpendicular polarized light is identical to that of Eq.
2 where #, and A, is substituted for #, and \,. This reci-
procity argument can be applied to the field emitted by
a fluor near a dielectric interface.

The angular spectrum representation of a plane wave
decomposes the field emitted from a fluor into evanes-
cent and propagating components.® Therefore, it follows
from the principle of reciprocity that the evanescent
components of the fluorescence excited in n, will prop-
agate in n, only at angles greater than the critical angle
(Fig. 2b). A similar analysis of Snell's law concludes that
the propagating dipole emission will be observed in n,
only at angles less than the critical angle. In this paper
the fluorescent emission is excited by the evanescent
wave while the observed signal is collected from the eva-
nescent components of the near field fluorescent dipole
emission.>!® This complicated process can be thought of
as exciting and collecting fluorescence from two differ-
ent evanescent volumes superimposed upon one another
(Fig. 2a). Given a fixed incident angle 6, and a fixed
observation angle f, where 6. > #_ < 6, one excites emis-
sion from the fluors contained within the evanescent ex-
citation volume:

F[s(0,)] = kiegpAL|t(0)|? J.x c(z)exp[—s(6;)z] dz
(5a)

and collects the fluorescence that is contained within the
evanescent observation volume:

Fls )] = k,A,|£(6)]? fﬂ sip[=#(0)8] 4z (5B)

where A, is the interfacial area subtended by the cone
of collection and k&, is another proportionality constant.
The fluorescence excited at #. and collected at 6, is there-
fore given by the product of the two integrals in Eqs. 5a
and 5b:

F(s(9) + s(6,)] = K|£(6)]*2(8,)]*

f c(z)exp[—[s(0) + s(6,)]z] dz
(6)

where K = kepl. Ak A,.

In our VA-TIRF design one picks a fixed incident an-
gle 6, to produce a constant excitation evanescent vol-
ume and varies the observation angle from slightly less

Prism ni
Q x

Solution

ITI

F1c. 3. Schematic of VA-TIRF design. Incident angle is adjusted by
rotation of the prism. Observation angle is adjusted by rotation of the
fiber around the prism. Sectioned-off segment is drawn to scale. Co-
ordinate system located in upper right hand corner. I: 5-cm-focal-length
cylindrical lens; II: solution chamber; I1I: eylindrical prism; IV: posi-
tion of fiber at focal plane of prism.

than the critical angle (4, < sin'(n./n,)) to the glancing
angle (#, = #/2). The resultant angular spectrum sam-
ples the fluorescence from molecules in a sequence of
decreasing observation volumes (or near field emissions)
that are increasingly confined to the interface with in-
creasing observation angles.

VA-TIRF and the Laplace Transform. Normalization
of the collected fluorescence to the incident and obser-
vation Fresnel terms yields:

F'[s(8) + s(6,)] = F[s(6,) + s(6,)]/[K|t(8,)]* |£€0,)]]

= f“ c(z)exp|—[s(8,) + s(8,)]z] d=.
(7)

The normalized fluorescence can be expressed in terms
of the Laplace transform if we define the function s as:

s = s(8) + s(6,). (8)

Substitution of Eq. 8 into Eq. 7 yields:

Lic(z)] = J; sl —Tar D)

The Laplace transform (Eq. 9) maps the function ¢ of
the variable z into the function F' of the variable s.
Therefore, the Laplace transform of the concentration-
distance profile of fluors near the interface is the expres-
sion for the normalized VA-TIRF flucrescence spec-
trum.

EXPERIMENTAL

All of the experimental and theoretical work discussed
in this paper is described in detail elsewhere."! Figure 3
illustrates the central components of the VA-TRIF ap-
paratus. An argon laser provided the excitation light with
an incident angle of 75° (A, = 488 nm). Incident angle
variation was minimized by a cylindrical lens (5 ¢cm f.1.)
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Fic. 4. VA-TIRF data for various concentrations of fluorescein. Con-

centrations (mg/mL) from top to bottom are 0.2, 0.1, and 0.05 for plots

(a) and (c), and 3.125, 1.0, and 0.5 for plots (b) and (d). Solid lines in
(¢) and (d) are best fits of Eq. 13 to (a) and (b), respectively.

which focuses the beam on the focal plane of the hemi-
cylindrical prism (Harrick Scientific; n = 1.4633 at 488
nm; n = 1.46648 at 514 nm). The focal plane refers to a
cylindrical surface a distance d from the curved prism
surface defined by d = [n,/(n, — n,)]R, where R is the
prism radius. We mounted the prism on a rotation stage
to adjust the incident angle and rotated the collection
optics around the prism in order to adjust the observa-
tion angle. The fluorescence was detected at A, = 514
nm by an IP-21 photomultiplier tube (PMT) with cur-
rent-voltage electronics and a Hewlett-Packard 3478a
multimeter. The laser light from the totally reflected
laser beam was blocked from the collection device by
two Pomfret 488-nm notch filters.

Fluorescence was gathered at the focal plane of the
prism. Since all rays which leave the interface at one
particular angle converge at an arc in this plane, the
observation angle was well defined. A short optical fiber
(2.2 em long, 600 wum core, plastic cladded slica, step
index, numerical aperture = 0.4) was used to collect flu-
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Fic. 5. VA-TIRF data taken from an adsorbed layer of FITC-IgG.

Upper curve: after 30 min desorption, lower curve: after 60 min de-
sorption. Solid lines are the best fits of Eq. 14 to these data.
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Fic. 6. VA-TIRF data from the protein layers (Fig. 5) normalized to
the fluorescein solution data (Fig. 4): (a) first wash normalized to 3.125
mg/mL; (b) first wash normalized to 1.0 mg/mL; (¢) second wash nor-
malized to 8.125 mg/mL; and (d) second wash normalized to 0.5 mg/
mL. Solid lines are best fits of Eq. 15 to the data. Circled points were
disregarded. The exponent s is given in Eq. 8.

orescence in the focal plane. A grin lens (Selfoc), placed
behind the fiber, was used to collimate and guide the
light to the sensing device,

Fluorescein (Sigma) solutions were chosen as the bulk
fluorescence substance. Goat immunoglobulin (Miles)
labeled with fluorescein isothiocyanate (Sigma) was cho-
sen as the fluorescent protein. The labeling procedure,
described elsewhere,'” produced a fluor-to-protein molar
labeling ratio of 4.6. All experiments used a static solu-
tion in a chamber adjacent to the prism surface (Fig. 3).
In the fluorescently labeled IgG (FITC-IgG) experi-
ments the protein was allowed to adsorb for 30 min and
then the solution in the chamher was twice replaced by
buffer solution (phosphate buffered saline) at 30-min
intervals (first and second wash). Data were collected
after each wash.

RESULTS

Fit of YA-TIRF Data to Simple Concentration Pro-
files. T'wo simple forms of the concentration profile were
considered that yielded analytical solutions to the La-
place transform. A constant function was used to rep-
resent the concentration profile of a bulk fluorescein so-
lution:

(10)

and a step function was used to represent the concen-
tration profile of the adsorbed FITC-IgG protein layer.

c(z), =c¢,forz = 0,

for0<z=<i,
forz < 0and z > ¢,

elz). =¢;
c(z),=0 (11)
where {, is the thickness of the protein film. Taking the
Laplace transform of Egs. 10 and 11 by the intergration
of Eq. 6 yields the following angular fluorescence profiles
for the fluorescein solution and protein film, respective-
Iyv:

F(s), = Kqc,|£(0)|2[£(6,) |2(1/5).
F(s), = Kc | t(8)*|£(6,)|2(1/s)[1 — exp(—st,)]

(12)
(13)



where K, = kel Ak A, K, = ked L AkA, and s is
given in Eq. 8. :

Figure 4a and 4b are raw VA-TIRF data from various
concentrations of fluorescein in solution. In accordance
with the theory, all the fluorescence curves have a
peak at the critical observation angle (6., = sin—'(n,/
n,)). Figure 4c and 4d are the “best fits” of Eq. 12 to
the data presented in Fig. 4a and 4b for 6, < 8, < x/2.
[t(8.) ]2, |t(8,) %, and s(f,, 8,) were calculated from Eqgs.
2a-2c and Eq. 8, while the product K,c, was adjusted
(via a least-squares routine) until a best fit to the data
was obtained. This analysis showed good adherence of
the fluorescence data to the shape predicted from the
Laplace transform.

Figure 5 presents VA-TIRF data from an adsorbed
FITC-IgG layer. The variable-angle data from the IgG
layer after both washes peaked at 65.5°, indicating that
the effective interfacial refractive index remained at
1.333. Equation 13 was fit to the data in Fig. 5 (solid
lines) in the same manner as above, except that the
product K,c, and the thickness t, were adjusted until a
best fit was obtained. Again we see a good approxima-
tion of the shape of the fluorescence curve as predicted
from the Laplace transform.

Estimation of Protein Film Thickness and Concentra-
tion: Normalized VA-TIRF Data. The best fit of Eq. 13
to the data in Fig. 5, after the first wash, was obtained
with a layer thickness of 18 nm. After the second wash,
the layer thickness needed to achieve a best fit ap-
proached zero. A layer thickness of 18 nm is within the
range expected on the basis of the size of IgG.'"* How-
ever, a layer thickness which approaches zero means all
of the functionality in the measured fluorescence values
(with respect to angle) arises from the change in the
observation Fresnel term, |¢(f,)]?."* This result prompt-
ed an attempt to fit an analytical expression to values
we obtained by normalizing the protein data to fluores-
cein solution data. It was anticipated that normalization
would eliminate the erroneous effects attributed to the
Fresnel terms.

If one assumes that the interfacial conditions for the
fluorescein solution and protein film are the same (i.e.,
the interfacial refractive indices and Fresnel terms in all
experiments are assumed to be identical and real), then
from Eqs. 12 and 13 the normalization of the protein
variable-angle data (Fig. 5) to the fluorescein solution
data (Fig. 4) should fit the equation:

F(s),/F(s), = K'[1 — exp(—st,)] (14)

where K' = ¢,¢,¢,/e,¢,.,- The best fit of Eq. 14 to the
normalized protein data was performed by the numeri-
cal adjustment of the constant K' and thickness ¢, until
the difference between theory and experiment reached
a minimum. The most convincing fits of Eq. 14 to the
normalized data sets are presented in Fig. 6. We present
the abscissa points in Fig. 6 in terms of the exponent s
(calculated from Egs. 2 and 8) in order to present the
data as a Laplace transform (see Eq. 9). At large obser-
vation angles the voltage signal from the PMT was quite
small: thus the scatter in the data at large values of s.
We calculated fits to three of the four normalized data
sets by neglecting data points that deviated radically
from the expected result. The parameter x in Table I is

TABLE I. Estimated protein layer thickness and concentration.

(o t, e Ky Ky Angular

(mg/mL) (nm) (mg/mL)(x 109 (x 10%) range xb
Wash 1

3.125 (a)* 60 61 17.0 5.0 66.5-83.5 0.042

1.0 (b} 40 53 14.0 1.6 66.5-83.5 0.028

0.5 100 25 7.0 0.8 65.5-85.5 0.061

0.1 60 24 6.6 0.2 65.5-85.5 0.143

0.05 40 33 9.0 0.08 65.5-84.5 0.105
Wash 2

3.125 (c) 20 52 14.0 5.0 66.5-85.5 0.223

1.0 20 36 9.8 1.6 66.5-69.5 0.004

0.5 {d) 50 13 3.6 0.8 656.5-85.5 0.231

0.1 40 12 8.5 0.2 65.5-84.5 0.316

0.056 40 12 33 0.08 65.5-B5.5 0.099

* Values of «, calculated from the protein solution absorption index
value ratioed to the estimated surface concentration values listed
above,

' x is the average distance of data points from the theoretical curve
normalized to the average magnitude of the data points.

¢ Values labeled (a), (b), (c), and (d) are plotted in Fig. 6a—6d, respec-
tively.

a measure of closeness of the best fit of the curve to the
data.

The protein layer concentration, ¢,, was calculated
from rearrangement of the constant K":

Gy = K'Cb[fb(ﬁbflfp{f)p]. (15)

The ratio ¢,¢,/¢,¢, was determined experimentally from
the ratio of the quantum yields in a right-angle fluores-
cence configuration where the quantum yields of solu-
tion and adsorbed protein are assumed to be the same.™
Table I lists all values of calculated protein film thick-
ness and concentration of the protein layer normalized
to each fluorescein solution concentration, the angular
range over which the curve fitting was performed, and
the absorption index, x, calculated spectrophotometri-
cally for the protein solution (x,) and for each fluores-
cein solution (x,) where x = ec)\,/4wn. Note that all cal-
culated values of layer thickness yielded nonzero results.
The accepted literature values for adsorbed IgG thick-
ness and concentration are 10-15 nm and 100-200 mg/
mL.'*>4 A comparison of Table I with the literature
indicates that our estimates of protein layer thickness
and concentration are high and low, respectively.

DISCUSSION

Estimated Profiles: The Laplace Transform. Although
the size of IgG is well known, its conformation on a given
surface and the uniformity of its layer formation are not
well characterized.'™* As presented here, the variable-
angle technique for obtaining concentration-distance
profiles of proteins is based upon a relatively simple
mathematical model: the Laplace transform of the con-
centration-distance profile results in the fluorescence
data curve. This model is completely valid only when
applied to measurements of materials which do not sig-
nificantly alter: (1) the refractive index at the interface,
(2) the intensity in the evanescent wave through the
absorption of light, and (3) their interfacial concentra-
tion profile over the measurement duration.
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Errors resulting from deviations in the interfacial re-
fractive index or through optical absorption are apt to
have a more pronounced effect when this model is ap-
plied to characterization of adsorbed layers than when
applied to characterization of depletion layers.’t The
observation angles at which peak fluorescence values are
obtained (Fig. 5) indicate that the protein layers are
hydrated, producing a refractive index at the interface
that is not altered appreciably from that of a quartz/
water interface. Additionally, the low values of « listed
in Table I for the protein layer and fluorescein solutions
(on the order of 10-% to 10-4) are several orders of mag-
nitude too small to have a significant effect.

Figure 5 presents the best fit of a step profile (Eq. 13)
to the raw VA-TIRF data from the protein layer. Nor-
malizing the protein data to fluorescein data (Eq. 14)
should improve the fit of the collected fluorescence to
the proposed model by elimination of the Fresnel term
|£(6,)|*. This term (Eq. 2c) is responsible for a substan-
tial amount of the change in fluorescence intensities at
different observation angles, but does not contribute to
concentration-distance profile information.” The shapes
of the normalized data curves presented in Fig. 6 are
also indicative of a step profile. Unfortunately, the rel-
ative weight of the noise increases upon normalization,
especially with data curves of protein which have low
fluorescence values. This effect could be reduced if it
were possible to separate out a contribution to the error
specifically attributable to the Fresnel term.

The desorption of the protein from the interface dur-
ing the data collection process, the inherently diffuse
nature of a protein layer, and the interfacial scatter of
light are other possible sources of error. Efforts to de-
termine their contribution would require an improved
signal-to-noise ratio of the collected fluorescence and
the testing of the improved system with samples having
well-characterized interfacial concentration profiles,

Reconstructed Profiles: The Inverse Laplace Trans-
form. It is generally accepted that proteins do not adsorb
to surfaces in homogeneous dielectric films of uniform
thickness, but are osmophilic and diffuse.! Unfortu-
nately, virtually every technique used to quantitate the
surface concentration of adsorbed protein films assumes
that they adsorb in homogeneous films of uniform thick-
ness and concentration. An exception is variable-angle
x-ray photoelectron spectroscopy, which has been used
to determine the concentration profile of surface films
with the use of numerical techniques’®'® and models for
patchy layers.'” However, ultra-high-vacuum techniques
are a poor approximation of ambient conditions. It is
therefore important to develop a method that is capable
of quantitatively analyzing more complex interfacial
concentration profiles of samples in the hydrated state.

If F'(s) is the Laplace transform of c(z), then it is
possible to construct the function ¢(z) from F'(s) via the
inverse Laplace transform:

L[F'(s)] = c(z). (16)

Theoretically, this approach provides a method for cal-
culating the concentration profile of fluorescing mole-
cules within the interfacial region directly from the in-
verse Laplace transform of the normalized VA-TIRF
data (Eq. 9).
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The conformity of the VA-TIRF data presented in
this paper to the proposed simple solutions to the La-
place transform (Eqgs. 12 and 13) was encouraging. How-
ever, the noise in the collected fluorescence data must
be reduced before a numerical inverse transform will
produce a meaningful result. Efforts to improve the sig-
nal-to-noise level are being made through the adapta-
tion of an x-ray goniometer as the rotating sample stage
and the development of a quartz fiber array collection
system compatible with a double monochromator with
photon counting. Finally, in order for the numerical in-
version method to be useful quantitatively, it needs to
be tested on systems with well-defined concentration-
distance profiles. The current experimental effort in-
volves construction of a standard set of concentration-
distance profiles of dye-impregnated fatty acid layers
with the use of the Langmuir-Blodgett technique.* Ex-
isting software for inversion of the Laplace transform?*
is being adapted to predict the shape of these profiles
from the variable-angle data. If the standard profiles are
reconstructed numerically with some degree of accuracy,
then the more diffuse protein system will be re-exam-
ined in greater depth.
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ABSTRACT

Total internal reflection fluorescence (TIRF) is a powerful new method for probing protein adsorption
at solid—liquid interfaces. A gquantitation method for determining the amount of adsorbed protein on
hydrophilic glass and quartz surfaces has been developed. This method utilizes fluorescent, non-adsorbing
dextran as a calibration molecule which approximates the diffusive properties of the protein under study.
Through the use of conventional bulk solution fluorescence of both protein and calibration molecules in
conjunction with a TIRF calibration, graphical quantitation of the surface concentration of adsorbed
protein can be performed. Quantitative results can be obtained either via a graphical procedure using
fluorescence calibration standards or by a numerical method which accounts for the characteristics of the
decaying evanescent, interfacial wave. The graphical quantitation procedure is outlined and demonstrated
with data from five gamma-globulin adsorption experiments on hydrophilic glass and quartz surfaces. The
results generated by this quantitation procedure are similar to values derived from the numerical
quantitation calculation.

INTRODUCTION

Total internal reflection fluorescence (TIRF) is a sensitive, interfacial technique
capable of detecting fluorescent molecules adsorbed on or located within several tens
of nm of a surface [1]. This technique utilizes an interfacial, evanescent, standing
electromagnetic wave to excite fluorescence near an optical interface. TIRF has been
used primarily to study the adsorption properties of macromolecules on various
surfaces [1-5].

Because protein adsorption is an important step in biomaterial-induced thrombo-
sis, there has been an active search for techniques capable of accurately studying this
phenomenon. Many adsorption monitoring techniques currently exist but each has
drawbacks and limitations. Unlike most other adsorption monitoring techniques,
TIRF offers real time, in situ monitoring of a surface in the presence of adsorbing
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malerial. However, TIRF has been limited by the lack of simple, straightforward
procedures for guantitating the amount of adsorbed protein. TIRF also offers a
unique advantage in that one can monitor the intrinsic fluorescence of the amino
acids tyrosine and tryptophan which are constituents of most proteins. Intrinsic
TIRF has proven to be successful [5] and unique since it avoids the need to label the
molecule of interest thus eliminating the possibility of altering the proteins' physi-
cochemical properties. Disadvantages of intrinsic fluorescence include enhanced
Rayleigh scattering in the ultraviolet, increased susceptibility to protein photobleach-
ing and photodegradation and the need for quartz optical components.

We report a study of gamma-globulin (IgG) adsorption using intrinsic tryptophan
fluorescence as well as extrinsic fluorescence from fluorescein-labeled IgG. The
objective of this paper is to present and compare two quantitation procedures for
determining the amount of adsorbed protein at hydrophilic glass and quartz surfaces
using total internal reflection fluorescence (TIRF) instrumentation. We also present
a comparison of adsorption values for extrinsically labeled and intrinsically fluo-
rescent (tryptophan) IgG to provide insight as to the possible effects of extrinsic
labels upon protein adsorption.

The primary goal was to develop a simple quantitation procedure which produced
realistic adsorption values. An extrinsic adsorption study was done using FITC-
labeled IgG at 1.0 mg,/ml on hydrophilic glass. FITC-labeled dextran was chosen as
the calibration molecule since its molecular weight could be chosen to approximate
the diffusion coefficient of 1gG [6].

Intrinsic TIRF studies of IgG adsorption at 1.0 mg/ml on hydrophilic quartz
were also done. Tryptophan was chosen as the intrinsically fluorescent calibration
molecule in the UV. Since the diffusion cocfficients of tryptophan and gamma-
globulin do not match, only steady state fluorescent modeling was possible.

Both studies were steady state in nature, with concentration of bulk solution in
the flow cell allowed to completely equilibrate before data were taken. The transport
of protein to the interface was mathematically modeled by the convective-diffusion
equations of fluid dynamics [6].

A thorough mathematical development of Maxwell's wave equations under condi-
tions of total internal reflection has been shown [7.8] to lead to the following
equation for the perpendicularly polarized ( L) component of the transmitted (t)
electric field, (E'):
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where E | is the electric field amplitude at the interface in the less optically dense
medium 2, n, and n, are the refractive indices of media 1 and 2, respectively, A, is
the wavelength in the second medium, @, is the incident beam angle from the
interfacial normal, and the directions x, y, and z are as shown in Fig. 1. Here we
assume that the absorption characteristics of the rarer medium may be neglected and

the real index of refraction may be used.
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Fig. 1. A schematic of the surface wave in the y—z plane shows the standing wave pattern and exponential
decay of the interfacial eleciric field amplitude into medium 2. See ref. 7 for further details.

Equation (1) represents the surface wave that propagates along the interface as
demonstrated by Goos and Haenchen and discussed by Harrick [9]. The first
expenential term accounts for the y-directional displacement between the incident
and reflected beams at the interface. The penetration of this surface wave into the
rarer medium in the z direction is accounted for by the second exponential term.
Recognizing this form, we can set 1/d, = 27/N,((n,/n,)? sin® 8, — 1)'7? and re-
write eqn. (1) as
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The effective depth of penetration, 4, of evanescent wave decay is defined for
mathematical convenience to be the distance z required for the electric field
amplitude to fall to ¢! of its original value (Fig. 1). It is now easy to see from eqn.
(2) that for e™*/“ = ¢~ ! then,
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A more familiar form of the depth of penetration equation is obtained by noting
that A, =Ay/n,, where A, is the free space wavelength of the incident beam.
Equation (3a) now becomes [7]
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Fig. 2. Exponential intensity decay (E', )* with distance z from the reflecting interface. Cases 1 and 2
demonstrate the difference between extrinsic and intrinsic TIRF.

where d is approximately 100 nm for intrinsic (280 nm) and 173 nm for extrinsic
(488 nm) excitation light. It is important to recognize that the depth of penetration
of the evanescent wave into the rarer medium is a function of A,, 8,, n,, and n, only
and manipulation of these four variables allows the experimentalist to control the
depth of penetration to suit particular experimental needs.

In our configuration the perpendicular electric polarized electric field amplitude is
simply the ¥y component of the total amplitude. Thus, the electric field amplitude at
the interface but in the rarer medium for our systems is given by Reichert et al. [7]
and Harrick [9]:
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From egns. (2) and (3a) we find that the amplitude of the decaying evanescent
excitation wave is

E\=E, e /% )
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al any distance z into the rarer medium (Fig. 1). This then allows one to plot the
decaying intensity, proportional to (E})?, as a function of the distance z from the
interface; see Fig. 2 which shows the dependence of ( £%)? when A and n, vary.

MATERIALS AND METHODS

Two TIRF systems were used for this study. System | was based on glass fiber
optics for extrinsic fluorescence. System 2 was based on a UV quartz optical system
utilized for both the intrinsic and some extrinsic fluorescence studies. System 1
consists of three subunmits: (1) the light source and associated optics; (2) the
electronics needed to quantitate extrinsic fluorescence; and (3) the flow cell and
associated plumbing. The three subunits all converge at the interface where light
excites [uorescence which is then monitored by a photomultiplier tube. Figures 3
and 4 illustrate the system configuration.

The System 1 light source was a 2 W argon ion laser (Model 95, Lexel) operated
at 488.0 nm in current control mode and coupled into an excitation optical fiber
(QSF-200 UV, Quartz Products Corp.) by means of a 5X microscope objective (No.
57896, 0.10 NA, Aljae) mounted in a custom holder (Model LMI-B2, LHI-M,
Newport) vanable in x, y, z, 8, ¢ (Model FP-2, Newport). The output end of the
excitation fiber was positioned at the focal point of a collimation lens (No. 94861,
Edmund Scientific). The quasi-collimated excitation beam passed through an iris
diaphragm emerged with a 4 mm diameter and an approximately divergence half
angle of less than 5°. A polarizer (No. 30529, Edmund Scientific) passed light
perpendicular to the plane formed by the incident and reflected beams. The lens,
polarizer, and iris diaphragm were mounted inside a custom barrel holder mounted
within a tripod-lens mounting device (Model AC-1, Newport) on the 20° wedge
platform to yield an incidence angle #, of 70°.

The excitation beam then entered a custom dove prism coupler (Precision
Optical) cut from BK-7 low fluorescence glass (Schott Optical Glass Inc.; n446 3 1m
=1.52238). An index matching immersion oil (Type A, np= 1.5150, Carguille)
optically interfaced the coupler to a 25 X 75 X 1| mm microscope slide (Bev-1-edge
microslides, Propper) where internal reflection occured. The microscope slide also

/s served as one face of the flow cell. The excitation light was reflected out of the prism
and-extinguished in a light trap.

Collection of interfacial fluorescence was achieved by means of two lenses, the
first of which collected and collimated the fluorescent light emitted normal to the
reflection interface (No. 94753, Edmund). The second lens (No. 94861, Edmund)
focused the quasi-collimated output of the first lens into a collection optical fiber
(QSF-600 UV, Quartz Products Corp.). Collection lenses were also mounted in a
custom barrel holder in tripod mount. Collection fiber Muorescence passed through a
glass interference filter (LP520, Carl Zeiss) which passed 85% of the fluorescence
and blocked > 99% of the collected excitation scattered light. The emission filter was
mounted over the aperture of a photomultiplier tube (PMT) (1P28P, Hamamatsu).
The PMT was powered at 950 VDC (model 456, Ortec). The PMT signal was
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SYSTEM OPTICS &ELECTRONICS

Fig. 3. Optical and electronic components of extrinsic TIRF System 1 illustrating excitation and collection
optics and the flow cell. (a) Argon ion laser; (b) beam steering mirror; (¢) laser excitation beam; (d)
microscope focusing objective; (e} excitation optical fiber; (I) collimating lens (excitation); (g) polanzer;
(h) iris diaphragm; (i) prism coupler; (j) miscroscope slide; (k) flow cell; (1) excilation beam; (m)
collection lens; (n) collection beam (fluorescence); (o) focusing lens; (p) collection optical fiber; (q)
emission filter; (r) photomultiplier tube; (s) preamplifier; (1) amplifier-discriminator; (u) photon counter;
(v) sampling-control unit; (w) digital-to-analog converter; (x) strip-chart recorder.

sequentially input into a fast preamplifier (Model 9301, Ortec), an amplifier dis-
criminator (Model 9302, Ortec), a photon counter (Model 9315, Ortec), Sampling/
Control unit (Model 9320, Ortec), a D /A converter (Model 9325, Ortec), and finally
recorded on a strip-chart recorder (Model 48, Pharmacia). See Fig. 3.

FLOW SYSTEM
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Fig. 4. TIRF flow system for System 1. (a) Syringe pump and syringe; (b) luer lock-siopeock

combination; (c) input tubing; (d) hypodermic needle; (¢) milled channel; (f) flow cell; (g) output tubing;
(h) waste collection.
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The flow configuration of System 1 is shown in Fig. 4. Solutions were introduced
into the flow cell by means of a syringe pump (Model 341, Sage Instruments).
Attachment of the 0.125 mm id. polyethylene tubing (PE200, Intramedic Clay
Adams) to the syringe was facilitated by a metal luer-lock {Becton—Dickinson) and a
three-way Teflon stopcock (K76P, Pharmaseal). Input tubing was connected to the
flow cell by means of another luer lock-stopcock combination. The stopeock fed into
a 20 gauge hypodermic needle (20 gauge—Luer Lok, Jelco) embedded in the brass
flow cell base by means of a milled-out channel and Silastic® adhesive (Type A,
Dow Corning). =

The flow cell was a 12 mm brass base milled-out to accept a 25 % 75 X 1 mm
microscope slide and a 0.75 mm thick Silastic® rubber gasket. Milled channels at
each end of the flow field provided fluid input and output ports. Flow field
dimensions were 5 X (.75 X 0,075 cm as defined by a Silastic® gasket. The remaining
flow cell wall was created by the glass microscope slide and clamping was provided
by four screws which sandwiched the flow cell (gasket and microscope slide) between
the brass base and an aluminum mounting plate. Fluid exited the flow cell through
the output port and tubing which was identical to the input side.

The configuration of System 2 is described by Van Wagenen et al. [5], with the
exception of a 150 W Xenon lamp light source (VIX 150 UV, ILC Technology).
Three major differences between Systems 1 and 2 are: (1) the use of a Hg—Xe and
Xe lamps with a monochromator as the light source instead of a laser; (2) the lack of
optical fibers in System 2; and (3) the use of an emission monochromator in System
2 rather than an emission filter.

Conventional bulk solution fluorescence measurements were performed using a
hybrid design based on System 2 with the bulk cell replacing the single reflection
quartz prism. Excitation light was provided by a broadband 200 W Hg-Xe high
pressure lamp (LH 150, Schoeffel Instrument). An excitation monochromator (H10-
UV, Instruments SA) isolated the excitation wavelength necessary for fluorescence.
A conventional 1 e¢m path length fluorometric quartz cuvette was mounted in a
custom holder which was in turn mounted at the aperature of an emission mono-
chromator (H10-UV, Instruments SA). Fluorescence emission was monitored normal
to the excitation beam path at the center of the cuvette. Fluorescence emission was
detected by a photomultiplier tube (R1332, Hammamatsu) and the Ortec photon

- gounting equipment described. Fluorescence emission spectra were obtained on this

instrument using a motor driven scan controller (Model 1020, ISA). Emission scans
were run on each solution using 488 nm or 285 nm excitation light to determine the
peak emission wavelength.

FITC-labeled dextrans used were commercially prepared and were dissolved in
fresh phosphate buffered saline, pH 7.3 (2 m M KH,PO,, 8 mM Na,HPO, and 145
mM NaCl), solution (PBS) for each extrinsic experiment. FITC 1somer 1 (F-7250,
Sigma) was used to label gamma-globulin (82-041-2-1086, Fraction II, Miles).
Labeling was carried out in pH 9.5 carbonate buffer for 75 min [10]. Separation of
free and bound FITC was accomplished by gel filtration using Sephadex G-25
coarse beads (G-25, Pharmacia) hydrated with PBS solution in a 2.5 cm by 30 cm
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long column, PBS solution was used to dilute all samples. Quantitation of the
protein concentration and the degree of labeling (F/P) following gel filtration was
possible using the nomogram provided by Wells et al. [11]. In System 2 the same
gamma-globulin was used unlabeled and the calibration molecule was L-tryptophan
(Matheson, Coleman, and Bell). Preparation of the hydrophilic quartz and glass
surfaces has been outlined by Van Wagenen et al. [5].

TIRF data is a real time record of fluorescence intensity vs. time arising from the
first several tens of nm of the interface. Any adsorbing protein solution introduced
into the fMow cell produces four distinct phases of fluorescence signal (Fig. 5) which
are important in understanding both the flow and surface properties of the system.
These phases are: (1) buffer background (Fig. 5a); (2) true bulk fluorescence excited
by scattered light (Fig. 5b); (3) protein diffusion into the evanescent volume
resulting in evanescent bulk signal (Fig. 5c); and (4) adsorption onto the surface
(Fig. 5d). Since excitation light consists of two sources, evanescent light and
scattered light, the scattered light contribules to the fluorescence signal both by
exciting bulk solution fluorescence and by exciting fluorescence of evanescent zone
and adsorbed surface molecules. As these phenomena overlap and are not simple to
separate, some method must be available to extract the adsorption signal from the
remaining signal components. Successful accomplishment of this task requires an
in-depth understanding of each signal component and its origin within the system.

The buffer signal (Fig. 5a) is comprised of the dark count of the photomultiplier

TIRF OUTPUT RECORDING
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Fig. 5. Schematic TIRF strip-chart recording illustrating the various phases of signal generation within the
flow cell. Each state of signal generation (a—h) is related to the nature of fluorescent material within the
flow cell. Non-adsorbed bulk fluorescent molecules (©) adsorbed fluorescent molecules (®). Drawings
{a}-(h) represent the adserption case (solid linc). The dashed line represents the non-adsorption case. (a)
Buffer background; (b) scattering “shoulder” or scattered light excitation of bulk fluorescence: (c)
diffusion into the evanescent volume through the diffusional boundary laver; (d) adsorption at the
surlace: (c) steady state fluorescence plateau; () scattered bulk Muorescence washout; (g) diffusion from
the evanescent volume through the diffusional boundary layer; (h) desorption from the surface.
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tube, excitation light which passes through the emission filter, and any fluorescent
emission due to impurities within the glass components and /or the buffer solution.

Fluorescent solution entering the flow cell scattering volume displaces the major-
ity of the bulk buffer but has not yel reached the evanescent region because of the
diffusional boundary layer which must be traversed near the wall (Fig. 5b). During
this period bulk fluorescence is excited by the scattered light only. Scattered light
radiated from surface scattering sites such as defects or macromolecules may be a
large or a small component of the total signal, depending upon the optical qualily
and cleanliness of the interface. Scattering sites within the prism, microscope-slide
plate or coupling fluid may also contribute to this signal component. The bulk
scattered component of the output is generally present to some degree and must be
accounted for during quantitation of the adsorption signal. :

Diffusion of fluorescent macromolecules into the evanescent volume creates the
third component of the output signal (Fig. 5¢). Both evanescent excitation and
scattered excitation light within the evanscent volume are responsible for the
visibility of the diffusional signal. One can model this signal, due to bulk scattering
(Fig. 5b), and the time course of the signal due to evanescent excitation in the
evanescent volume (Fig. 5¢) by the use of the non-adsorbing modeling macromole-
cule dextran [6]. Thus, the relative fluorescence can be matched via appropriate
calibration experiments.

The adsorption signal is the final portion of the output signal (Fig. 5d}), and the
quantitation of surface adsorption is the desired system output. All previous
components must be separated from the adsorption signal for quantitation of the
desired output and, since adsorption begins as soon as molecules have diffused to
the surface, separation of these components is a difficult task.

Introduction of buffer back into the system following equilibration of the
fluorescent solution will also result in four output phases (Fig. 5e—h). Immediately
after beginning buffer flow, the fluorescent output signal remains at its equilibrium
value while the bulk priming volume is being replaced with buffer solution (Fig. Se).
Next, the scattering component vanishes (Fig. 5f), although it is rarely separable
from the diffusional component. This may be due to absorption of both excitation
and emission light wavelengths by the fluorescent material remaining in the diffu-
sional boundary layer.

Replacement of the fluorescent material in the diffusional boundary layer is the
next component of the buffer flush output signal (Fig. 5g). This fluorescence
diffusion from the surface differs from the fluorescence diffusion to the surface
because the latter involves molecular diffusion from a semi-infinite bulk volume into
a small diffusional boundary layer of buffer, while diffusion from the surface occurs
from a thin diffusional boundary layer of fluorescent material into the semi-infinite
buffer volume. Desorption and subsequent diffusion of the adsorbed protein com-
prises the last signal component (Fig. 5h).
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RESULTS AND DISCUSSIONS

Correct modeling of TIRF data is dependent upon a number of assumptions: (1)
light source and photon counting electronics do not drift; (2) bulk solution con-
centration is not depleted by adsorption and the concentration profile is constant to
the surface; (3) temperature in the flow cell remains constant; (4) no photodegrada-
tion of adsorbed or bulk fluorescent molecules occurs; (5) non-linear scattering and
absorption (inner-cell) effects are absent; and (6) quantum yield changes do not
occur during adsorption.

The first five assumptions are valid. Constant flow at high bulk protein con-
centration replenishes bulk solution and maintains temperature at 25°C. Photode-
gradation is eliminated by chopping the light source. The thinness of the adsorbed
protein layer eliminates the possibility of an inner-cell effect or of significant
evanescent field attenuation, as shown experimentally and verified numerically [12].

Assumption (6) is, however, highly questionable. Lok [6] has reported that
exposing adsorbed protein to PBS solution caused an increase in extrinsic fluores-
cence over that seen when unlabeled protein (in PBS) contacted the adsorbed
protein. Our preliminary findings confirm this. In this present study, it was assumed
that the fluorescence quantum yield, @, of non-adsorbed molecules was equal to that
of adsorbed molecules because it is impossible to verify or repute with our present
equipment. However, it is plausible that conformational changes of the protein
molecule upon adsorption and fluor-fluor interactions due to the close proximity of
adsorbed molecules at the interface can be responsible for significant quantum yield
changes. Physicochemical changes occurring as a result of protein adsorption proba-
bly tends to decrease the quantum yield of an extrinsic label such as fluorescein
because its quantum yield is initially high, 0 = 0.85 and molecular changes at the
interface cannot induce fluorescence. However, the quantum yield of tryptophan
may go up or down upon adsorption as Q for protein bound tryptophan is low.

Two separate methods for determining the amount of adsorbed protein using the
interfacial fluorescence signal have been developed and evaluated. Both techniques
require the six assumptions previously discussed.

The numerical quantitation approach is similar to that outlined by Van Wagenen
et al. [5] and utilizes: (1) the fluorescence background signal N, due to excited bulk
protein solution within the evanescent volume, and (2) the evanescent signal inten-
sity from adsorbed protein, N,. See Fig. 6. (E')? vs. penetration depth, z, shown in
Fig. 2, represents a measure of the total electric field intensity available for
fluorescence excitation within the interfacial evanescent volume and may be arbi-
trarily expressed in field intensity units square (FIU?) as the exact integral of eqn.

)
ST e = [T e ) d = (FIUY )
0 0

The portion of the evanescent volume adjacent to the surface contains adsorbed
protein molecules which will be excited by the evanescent electric field intensity. For
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Fig. 6. An illustration of a typical TIRF data output, The tryptophan standards initiate ¢ach run and are
used in the graphic calibration method. The darkened area represents adsorbed protein producing N,
counts per unit time. Evanescent zone fluorescence signal intensity is represented as Ng.

illustrative purposes, assume this thickness to be f. The integral of (E%)? will yield
the total evanescent field intensity available for fluorescent excitation of the film ¢
thick as

j:(goij_}zdz EJ(:( E(I:J.e_lfdp )zdz - (FIU)?nl:rfucial (?)

The bulk solution protein concentration (cy) is excited by (FIU)},,,, producing Ny
counts, while the adsorbed protein concentration (I,;) is excited by (FIUY2. .. raciats
producing N, counts. The following equality must hold:

(oot JFIU) crtacia1@as/Na = (¢5)(F1U)i01a185/Np (8)

where N, and Ny are the counts due to adsorbed and evanescent bulk protein, and
0, and O are the quantum yield values for adsorbed and bulk protein, respectively.

_Assuming @, = Q@ and solving for I, , one gets:
= .

Fuol = (Nh/NR}CB(F]U}TUIal/(Flu}fnlzrﬂclll (9)

Equation (9) results in an adsorbed protein volume concentration and is readily
converted to a surface area concentration by multiplving I',,; by the assumed
thickness of the protein film to yield T, ... The numerical method differs from that
proposed by Van Wagenen et al. [5] in that an erroneous factor of 29 was included
as part of the summation procedure due to an incorrect modeling assumption.

The graphical quantitation method assumes: (1) the calibration molecule does not
adsorb to the surface, thus modeling the properties of the protein in the absence of
macromolecular adsorption; and (2) extrapolation of linear guantitation plots of
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QUANTITATION PROCEDURE
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Fig. 7. Six quantitation plots illustrating the adsorption quantitation procedure. (a) Bulk protein
fluorescence plot; (b) bulk calibration solution fluorescence plot; (¢) TIRF calibration fluorescence plot:
(d)—(T) extrapolated versions of (c), (b) and (a), respectively. See text.

TABLE 1
Summanized results of TIRF experiments
Fluorescent Quantitation Adsorbed protein My N Remarks ©
label wype method concenlration,/ nm nm

pgem 2é
Extrinsic Graphica] 1 0.024 488 > 520 e e |
Extrinsie Graphiecal 2 0.032 483 520 4,56
Extrinsic Numeric 2 0.034 488 520 4.5 6
Intrinsic Graphical | 0.015 285 335 57,8
Intrinsic Graphical 2 0.008 285 335 5,68
Intrinsic Graphical 3 0017 285 33s 4,56
Intrinsic MNumeric | 0.039 285 335 578
Intrinsic Numeric 2 0.015 285 335 5,68
Intrinsic Numeric 3 0.018 285 335 456

“ Mumbers refer 1o data sets.

* Adsorbed protein thickness assumed to be 10 nm.

© (1) Laser—glass optics; (2) high pass emission filter used; therefore; A__ ..o, = 520 nm; (3) wall shear
rate = 47.4 s~ '; (4) Xe lamp-quartz optics; (3) emission monochromator used; (6) wall shear rale =17.5
s~ (7) non-flowing protein solution. Injection wall shear rate approximately 2000 s='; (8) Hg—Xe
lamp-quartz optics.
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fluorescent vs. bulk concentration into the higher concentration domain for the
purpose of graphical modeling. The extrapolation assumption allows graphical
modeling of the fluorescent properties of the calibration solution and protein
solution as though non-linear effects do not occur, which is reasonable in light of the
extremely short “ path length” of the TIRF experiment [12].

The graphical quantitation procedure is illustrated in Fig, 7. The bulk protein
concentration to be used in the TIRF adsorption experiment is found to produce a
bulk fluorescence intensity (Fig. 7a). Next a calibration solution concentration which
models the protein’s bulk fluorescence properties is measured (Fig. 7b). A TIRF
calibration plot is generated by plotting the TIRF output against the calibration
solution concentration. By using the calibration solution model concentration, a
fluorescence intensity can be found on the TIRF calibration plot (Fig. 7c). This
fluorescence intensity value represents that fluorescence which should be produced
in the TIRF instrument by non-adsorbed protein since the dextran calibration
molecule can be shown not to adsorb at the solution concentrations used. The
protein adsorption experiment is then conducted and the previously determined
non-adsorbed component is subtracted from the TIRF output signal. Any fluores-
cence intensity increase above the background level minus the non-adsorbed protein
component should represent the fluorescence intensity due to adsorbed protein only.

The plots are now used in reverse order to generate a surface volume concentra-
tion from the adsorption component of the TIRF output signal. The TIRF fluores-
cence intensity signal associated with adsorbed protein must now'be modeled by a
calibration solution concentration of equal fluorescence intensity in the TIRF
instrument. From the extended TIRF calibration plot this calibration solution model
concentration can be found (Fig. 7d). The resulting calibration solution maodel
concentration is then utilized to obtain a bulk fluorescence intensity from the
extended bulk calibration plot (Fig. 7e). Finally, from the extended protein-bulk
fluorescence plot, the protein surface volume concentration can be found from the
bulk fluorescence model value (Fig. 7f). Thus, a series of graphical modeling steps
utilizing three calibration plots makes it possible to derive the surface volume
concentration of an adsorbed protein.

One now converts this surface volume concentration into a surface area con-
centration by assuming a thickness for the adsorbed film. The size of a gamma-

/ globulin molecule is approximately 4.4 x 4.4 X 24 nm in its native conformational
state, and it has been shown to adsorb either with its long axis parallel or
perpendicular to the surface [13-16].

The graphical quantitation scheme is primarily based upon the assumption that
the calibration molecule does not adsorb on the surface. When dextran is used in the
TIRF system, the fluorescence intensity rapidly returns to the background level after
washing out the dextran solution, demonstrating the lack of irreversible adsorption
of FITC-labeled dextrans. However, it is possible that a rapidly reversible adsorp-
tion process could be present. If such a mechanism were operating, it would be
expected that the kinetics of the buffer washout phase of the TIRF signal would
change with dextran concentration due to the difference between diffusion and

TS



274

desorption kinetics. However, our TIRF calibration data using FITC-dextran shows
no concentration-dependent kinetic variations; therefore, we conclude that either no
reversible adsorption mechanism exists or, if it does exist, the adsorption kinetics are
similar to or faster than the diffusional kinetics and have no adverse effect upon the
assumption made here. In addition, the negatively charged nature of the FITC
dextran molecule should reduce its attraction to a primarily negatively charged
hydrophilic glass or quartz surface. Tryptophan operates similarly and can also be
assumed to be non-adsorbing.

Table 1 summarizes the results of three intrinisic and two extrinsic TIRF
experiments. Quantitation by graphical and numeric methods was done on four of
the runs. The remaining extrinsic run could not be quantitated numerically.

CONCLUSIONS

The calculated surface density of FITC-1gG adsorbed on hydrophilic glass was
found to be 0.024 pg cm ™2, as determined with the graphical quantitation method.
This is somewhat lower than values quoted in the literature which range from 0.1 1o
0.2 pg cm™? on various hydrophilic silicon dioxide and glass surfaces [15-17]. Two
primary assumptions greatly influence the values tabulated in Table I and may
contribute to an underestimation of adsorbed protein by the graphical quantitation
technigue.

First, the estimation of a 10 nm thickness of adsorbed gamma-globulin is
questionable. A denseiy packed monolayer could range in thickness from 4 to 24 nm
if no stretching or shrinking of the adsorbed molecules takes place. If multiple layers
exist, a much greater thickness will be more accurate. Without additional informa-
tion regarding the density, conformation, or adsorbed layer thickness any one of a
range of values from perhaps 2 up to 50 nm or more would be appropriate. The 10
nm thickness was chosen because it is near the center of this range and thus has less
chance of being highly erroneous. It is still plus or minus a factor of five from the
extreme values; therefore, a half of an order of magnitude error may exist in our
estimation.

Second, the assumption of equivalent bulk and adsorbed quantum yields is
probably invalid. Since Q of extrinsically labeled adsorbed molecules probably
decreases upon adsorption, more protein is actually adsorbed. Again, it is under-
standable that the numbers derived here for the extrinsic experiment would be low
as a result of uncertainty generated by a major assumption.

Table 1 illustrates the difference between average adsorption values determined in
intrinsic versus extrinsic TIRF, i.e., 0.018 pg cm™? vs. 0.030 pg cm ™2, respectively.
Thus, it is important to note the differences between the two techniques which might
lead to an explanation for the discrepancy between the values obtained.

The assumption of the thickness of the protein film affects the caleulated amount
of adsorbed protein differently in each technique. In the graphical approach, I
varies directly with the thickness of the adsorbed layer. However, in the numerical
approach the thickness assumption is used in the determination of
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(FIUY? . A(FIU)? . . and in the conversion of I, to T, ... Thus, if there is an
error in this thickness assumption it is compounded twice in the numerical method
leading to a larger error range.

A second difference is the use of UV light in the intrinsic TIRF approach. Since
scattering is proportional to A™*, one has much more interfacial scattering in the UV
which contributes to true bulk fluorescence rather than evanescent zone bulk
fluorescence. The result is a value of Ny which is proportionally too large. By
discriminating between N (bulk) and Ny (evanescent), the use of the latter would
force I',,, to somewhat higher values (egn. 9). Finally, the surfaces are slightly
different, being hydrophilic soda-lime glass in the extrinsic and hydrophilic quartz in
the intrinsic TIRF studies.

Further studies involving other methods of protein adsorption quantitation are
being utilized to test the methods presented here. It is important that novel
experiments be developed and carried out to probe the in situ thickness of adsorbed
proteins and to determine the quantum yield of adsorbed proteins. Attempts at
determining the fluorescent quantum yield of adsorbed macromolecules are being
conducted by adsorbing radio labeled proteins onto surfaces and referencing the
observed fluorescence against the interfacial radioactivity determined via sensitive in
situ scintillation counting,.
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Tacticity, the stereochemical placement of pendant side
chains along the polymer backbone, has long been recognized as an 7.
important factor in determining bulk polymer physical properties. 8.
Such properties as crystallizability, solubility, melting point,
glass transition temperature, etc. have been correlated with the
tacticity of a given polymer (1,2,3,4). Introduction of Ziegler-
Natta catalysts and other catalyst systems capable of controlling 10.
tacticity during synthesis has opened up new areas for commerical
development based on systematic variation of molecular confiqura-
tion. Little work has been reported, however, correlating chain
tacticity to the surface and interfacial properties of polymers.
Recent work (5) suggests that reorientation of the chains in the
surface zone of the polymer can affect wettability of the surface
If that is indeed the case, the tacticity of the polvmer chains
may well have an influence on wettability, since the barriers to
chain rotation are a function of tacticity. Also, the availa-
bility of hydrophilic and hydrophobic sites for interaction at
the interface is influenced by the chain configuration and con-
formation. Consequently, it was felt that a study of the
influence of tacticity on bulk physical and interfacial proper-
ties in the poly(hydroxyethyl methacrylate) (pHEMA)/water system
might indicate some means of altering the interfacial properties
of the polymer by control of its tacticity during synthesis. In
this paper we report preliminary results of some experiments in
which various methods of altering tacticity during synthesis have
been examined and their effect correlated with changes in the
thermal properties of the resulting polymers.

Synthesis of methyl and other alkyl methacrylates of high
stereoregularity, either of high isotactic content or high syndio-
tactic content, is well-known (6). Unfortunately, the organome-
tallic initiators used for production of stereoregular methacryl-
ates are highly reactive to the hydroxyl functionality in the
side chain of HEMA. Consequently, some means of blockina the
hydroxyl group during polymerization was required. Methoxyethyl
methacrylate (MEMA) was chosen as a model for a HEMA-Tike monomer
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with its hydroxyl group protected, even though the methyl ether
Tinkage is too stable to permit hydrolysis back to pHEMA. A
second protected HEMA derivative used was trimethylsilylethyl
methacrylate (TMSEMA), whose trimethylsilyl protection group can
be cleaved readily, forming HEMA. This allows polymerization of
TMSEMA using an anionic catalyst to produce a stereoreqular
pTMSEMA, followed by hydrolysis to stereoreqular pHEMA. Polymers
of HEMA, MEMA, and TMSEMA were synthesized by a variety of tech-
niques, their tacticity was determined by '3C-NMR spectrometry,
and the variation in tacticity was correlated with changes in
the DSC thermograms of each polymer.

Experimental

Monomer Preparation. A1l monomers used in this study exceot
TMSEMA were obtained commercially. Methyl methacrylate (MMA) and
methoxyethyl methacrylate (MEMA) were suppnlied by Aldrich Chemi-
cal Co.; 2-hydroxyethyl methacrylate (HEMA) was supplied by
Hydro-Med Sciences. TMSEMA was synthesized in our laboratory by a
procedure to be described elsewhere (7). The hydroguinone
inhibitor was removed from the commercial monomers by extraction
with aqueous NaOH. The monomer was then dried over MgSO, and
distilled from LiATH, and CuCl. The distilled product was then
stored at 4°C over 5A molecular sieve until used. The structures
of the monomers and abbreviations used are shown in Fiqure 1.

The polymerization conditions used are summarized in Table I.

Anionic Polymerization. MMA, MEMA and ZMSEMA were each
polymerized anionically in dry toluene at -78°C using
n-butyllithium as initiator. These conditions had been shown
previously to produce pMMA and other alkyl methacrylates contain-
ing a high percentage of isotactic triads (8). In all cases the
reaction was terminated by addition of methanol, and the nolymer
precipitated by a non-solvent, petroleum ether for pMMA and
pMEMA, water for pTMSEMA. The crude products were then redis-
solved in benzene (pM1A and pMEMA) or some suitable snlvent, and
centrifuged to remove cross-linked polymer and precipitated LiOH,
The resulting product was then dried overnight in vacuc at about
80°C.

Free Radical Polymerization. Free radical polvmerization of
HEMA and MEMA were accomnlished by adding 1.2 ma/ml of azobis-
methylisobutyrate (AMIB) to the degassed monomer. The monomer/
initiator solution was injected into a snlit polypropylene mold
and placed in an oven at 80°C for 20 hours. The resulting polv-
mer sheet (3-4 mm thick) was then removed for further charact-
erization. Since the pHEMA produced by bulk polymerization was
too highly cross-Tinked to be redissolved for determination of
its tacticity, the monomer, solvent (generally pyridine) and ini-
tiator were added directly to a 10 mm NMR tube along with 0.1-0.2
ml of p-dioxane as an internal standard and the resulting mixture
was polymerized in situ by placing the tube intn the oven at 80°C

for 20 hours. TMSEMA was polymerized in dry toluene using AMIB
(TMSEMA/AMIB 1:100) as initiator. The polymer formed was preci-
pated in petroleum ether and dried overnight at 80°C in vacuo.

TABLE 1.
MONOMERS USED AND POLYMERIZATION CONDITIONS*
Approx.
Monomer Initiator Solvent T (°C) Yield
Methylmethacrylate (MMA) n-Buli Toluene -78° 80%
n-Bul1i THF -78° 20%
2-Hydroxyethylmethacrylate . AMIB None 60°  >95%
(HEMA) AMIB w/UV MeOH -6N° 25%
trimethylsilylethylmeth- AMIB Toluene 60°C >90%
acrylate (TMSEMA) n-Buli Toluene -78° 20%
methoxyethylmethacrylate n-BuLj Toluene -78° 30%
AMIB None 60° >95%
*n-BuLi : n-butyl Tithium
AMIB : azobismethyvlisobutyrate
uv : ultraviolet radiation

L

One low temperature polymerization of HEMA was carried but
in an effort to produce a highly syndiotactic pHEMA. It was per-
formed by dissolving HEMA and AMIB in methanol and exnosing the
solution to a 254 nm UV source for seven hours at -60°C. The
resulting polymer was then precinitated in toluene and dried
overnight at 60°C in vacuo prior to subsequent characterization.

Tacticity Determination. Samples for tacticity determina-
tion were prepared by placing 0.8-1.0 g of the dried polvmer into
a 10 mm NMR tube and adding 1.5-2 ml of an appropriate solvent
along with 0.1-0.2 m1 of p-dioxane as an internal reference. The
tube was capped, and the solvent was allowed to swell or dissolve
the polymer in the tube. CDCl; was used for pMMA and pMEMA, and
pyridine for pHEMA and pTMSEMA. The proton decounled 25,2 MHz
'3C spectrum was then obtained using a Varian XLFT-1nN NMR-
spectrometer in the Fourier Transform mode. Spectra obtained at
ambient temperature contained peaks which were too broad to
resolve. Consequently, the samnles were heated as high as prac-
tical without causing refluxing of solvent. Probe temperatures
ranged from 50°C for MMA and pMEMA in CDC1s; to 70°C for pHEMA and
pTMSEMA in pyridine. At elevated temperatures sharn snectra were
obtained in which each carbon absorption was resolved.,




Ja HYDROCELS FOR MEDICAL AND RELATED APPLICATIONS

Fssionment of the peaks in the pMMA spectra were based on pub-
lished spectra (10), Assignment of peaks exhibiting shifts

due to tacticity for pMEMA, pHEMA, etc. were made by analogy to
pMMA.

Thermal Analysis. Differential Scanning Calorimetry (DSC)
CUrves for each solymer were obtained over the range -50 to
+2507C using a DuPont Model 990 Thermal Analysis System. Samples
were weighed and placed in covered aluminum sample pans, then
claced into the DSC. Each sample was annealed above its glass
transition temperature for approximately 5 minutes, then cooled
to the starting tgmperature for the thermogram. The sample was
tnen heated at 10°C/minute under a nitrogen atmosphere. An empty
aluminum sample pan was used as a reference mass for each run.

Fesults and Discussion

pMMA. Figure 2 contrasts the '3C-NMR spectra of two 3fffer—
ent samples of piMA, one produced by free radical initiation and
the other by low temperature anionic polymerization. Each peak
in the spectrum is assigned to the various carbons in the polymer,
and the chemical shift of each relative to the p-dioxane singlet
at 0.0 ppm is shown. Of particular interest are the three peaks
which correspond to the w-CH; carbon atoms which are in the
center of isotactic (i), heterotactic (h) and syndiotactic (s)
triads, respectively. Similar splitting is observed for the
carbonyl and quaternary carbon atoms, although the peaks are less
well-resolved than the a-CHs peaks. The area under each of the
peaks is proporticnal to the number of carbon atoms in each type
of triad in the sample. Hence, a ratio of the peak areas yields
the relative amounts of each type of triad. Since the o-CHj;
peaks are split relatively far apart, they have been used to
calculate tacticities in this study. The free radical pMMA
specimen contains 52%s / 41% h/ 7% i triads, based on the rela-
tive peak areas. The anionic pMMA contains 10% s/ 19% h/ 71% i
triads. The peak areas and chemical shifts of both pMMA samples,
as well as those for the other polymers studied, are listed in
Table II. Figure 3 contrasts the DSC thermograms of the same two
polymers. Clearly, the predominantly isotactic anionic polymer
exhibits different thermal behavior from that of the predominantly
syndiotactic free radisal polymer. The isotactic polymer shows a
glass tragsition at 76°C, whereas the syndiotactic polymer has a
Tg of 110°C. The thermal behavior of the specimens can thus be
correlated with the tacticity observed by NMR.

pMEMA. The behavior of pMMA described above corresponds
well with that reported previously (1). Consequently, it was
expected that polymers of MEMA produced by free radical and ani-
onic methods would show a corresponding difference in tacticity.
The a-CHy portions of the 13C-NMR spectra of two different pMEMA
samples are shown in Figure 4. The first specimen was produced
using AMIB as a free radical initiator, while the second was
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produced anionically in toluene at -78°C. Both polymers contain
a preponderance of syndiotactic and heterotactic triads, with few
isotactic triads, as listed in Table II. In an effort to show
that no irregularities in chemical shift had caused the anionic
polymer to appear syndiotactic when it was actually isotactic, a
sample of the isotactic pMMA described above was transesterified
to pMEMA. The =-CHs portion of its '*C-NMR spectrum is shown in
Figure 4c. Since it shows the same chemical shifts and relative
peak areas as the parent pMMA, it must be concluded that the high
syndiotactic content of the anionic pMEMA is not an artifact.
Rather, it must be due to some interaction between the oxygen of
the methoxy side chain and the anionic growth center which
changes the local dielectric constant and alters the gegenion

separation, thus favoring syndiotactic placement of incoming mono-

mer units. Similar effects have been noted previously (11) with
MEMA initiated by t-butyllithium at 20°C and -20°C. Inithat
study, fewer than 10% isotactic triads were found at either

temperature. The fact that both the anionic and free radical pMEMA

specimens are predominantly syndiotactic is reflected in their
DSC traces, shown in Figure 5. Both show an inflection at 25°C
with no melting apparent, and begin to decompose above 250°C.
pHEMA. Figure 6 shows the o-CHy portion of the '?C-NMR
spectra of pHEMA produced by four different methods. The rela-
tive tacticities calculated from the peak areas are given in
Table II. The data show that pHEMA produced at elevated tempera-
tures with AMIB (Figure 6(a)) contains predominantly syndiotactic
(66%) and heterotactic triads (33%), with few isotactic triads
(< 1%). Figure 6(b) shows similar results for a polymer formed
from TMSEMA using AMIB as initiator, then subsequently hydrolyzed
to pHEMA. Syndiotactic (58%) and heterotactic (38%) triads
predominate over isotactic (4%) in this case as well. The third
polymer, shown in Figure 6(c), was polymerized anionically at
-78°C in toluene from TMSEMA, then hydrolyzed to pHEMA. Here
we see a significant proportion of isotactic triads (30%) for the

first time, with the remainder evenly divided between syndiotactic

(35%) and heterotactic triads (35%). The fourth pHEMA, showH in
Figure 6(d), was produced by UV initiation using AMIB at -78"C.
As the figure shows, a highly syndiotactic polymer has been pro-
duced, having 78% syndiotactic triads, with 9% isotactic triads
and 13% heterotactic triads. The DSC thermogram of each polymer
is shown in Figure 7. The glass transition of the pTMSEMA pro-
duced anionically is 13° lower than that of free radical pTMSEMA,
indicating that an increase in isotactic triads leads to a
decrease in Tg, Jjust as it did with pMMA. Further work will be
required to increase the isotactic content of pHEMA polymers

in order to fill out the full range from highly syndiotactic
pHEMA to predominantly isotactic pHEMA. However, it now appears
likely that systematic variation of tacticity will be achievable
in the future and may provide a means of varying mechanical,
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thermal and surface properties in the pHEMA/water system for
future studies.

Conclusions
Based on the data presented above, we conclude:

1. '3C-NMR provides a method for directly determining the
tacticity of methacrylate polymers. This eliminates the
need for lengthy hydrolysis to poly(methacrylic acid)
and re-esterification to pMMA.

2. Methacrylate-based polymers display significant changes

,in their DSC thermograms as a result of changes in
tacticity.

3. Methacrylate esters with heteroatoms in their side chains
interact with anionic initiators, reducing the isotactic
content of the resulting polymers. Whether the effect
of the heteroatoms can be reduced at temperatures below
-78°C or by sterically hindering the heteroatom during
polymerization remains to be seen.

4. Techniques are now available for producing soTuble pHEMA
polymers having a variety of tacticities. The effect of
that tacticity variation on interfacial and bulk proper-
ties will be the subject of future work. 4

£
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Abstract

In this study a series of hydroxyethy1 methacrylate (HEMA)
and methoxyethyl methacrylate (MEMA) polymers of varying
tacticities was produced. Both free radical and anionic initia-
tors were used and their effect on tacticity determined.
Tacticity of each polymer was measured by ratioing the !3C-NMR
peak areas for the a-CH; carbon atoms in isotactic, syndiotactic,
and heterotactic triads. Both the a~CHs and carbonyl carbon
peaks exhibit splitting due to tacticity, but the a-CH, peak was
better resolved. Chemical shifts for both_atoms appear to be
independent of the ester side chain for the polymers studied.

The thermal behavior of each polymer was observed over the
range -50° to +250°C by differential scanning calorimetry (DSC).
Differences in melting point and glass transition of the polymers
were relatable to the tacticity measured by '!C-NMR. This
indicates potential for some contro] of the properties of pHEMA
and other related hydrogels by control of tacticity during
synthesis.
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Thermal and Dynamic Mechanical Relaxation
Behavior of Stereoregular Poly(2-Hydroxyethyl
Methacrylate)

GEOFFREY A. RUSSELL,*' P. ANNE HILTNER,! DONALD E. !
GREGONIS, A. C. deVISSER,} and JOSEPH D. ANDRADE, Department of
Materials Science and Engineering, University of Utah, Sait Lake City,
Utah 84112.

Synopsis

Thermal, dynamic mechanical, and dielectric relaxation techniques were used to determine the
relaxation behavior of isotactic and syndictactic poly(2-hydroxyethyl methacrylate) (pHEMA).
Activation energies E, were determined for the dielectric v relaxation and compared with those of
poly(2-methoxyethyl methacrylate) ({MEMA) to determine the influence of hydrogen bonding
on side-chain relaxation processes. No difference in E, was observed between syndiotactic pHEMA
and atactic (predominantly syndiotactic) pMEMA. Isotactic pHEMA, however, had £, =1 kecal/ -
mole higher than that of syndiotactic pHEMA. This was attributed to improved side-chain packing
in the isotactic polymer. 5

INTRODUCTION

The synthesis, postpolymerization crosslmkmg, and swelling behavior of
stereoregular poly(2-hydroxyethyl methacrylate) (pHEMA) have been de-
scribed.! Here we present results obtained by differential scanning calorimetry
(DSC), dynamic mechanical spectroscopy, and dielectric relaxation spectroscopy
on noncrosslinked tactic pHEMA polymers.

The relaxation behavior of alkyl methacrylates has been the subject of ex-
tensive study.2® The mechanical relaxation behavior of crosslinked atactic
pHEMA has been reviewed*; and one recent study compared the viscoelastic
response of uncrosslinked, atactic pHEMA to that of crosslinked pHEMA S To
date, however, no work has been reported on the relaxation behavior of pHEMA
as a function of tacticity. In this article we report the effect of tacticity on the
sub-T, relaxation behavior of pHEMA and relate the differences in behavior
to con[‘urmatlonal differences between isotactic and syndiotactic pHEMA.
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* Taken in part from Ph.D. dissertation of G. A. Russell.

t Present address: Kodak Research Laboratories, Eastman Kodak Company, Rochester, NY
14650.

! ! Department of Macromolecular Science, Case-Western Reserve University, Cleveland, OH 44106.
B § Department of Materials Science, Free University of Amsterdam, The Netherlands.



Thermal Transitions

The thermal behavior of each of the polymers studied was observed from 170
to 460 K using a DuPont Model 990 thermal analysis system fitted with a Bo-
ersma type DSC cell. Samples were prepared by depositing 10% (w/v) solutions
of each polymer into aluminum DSC pans. The solutions were evaporated to
dryness in air, then vacuum dried at 80°C and 0.1 Torr for 24 hr. The sample
pans were then fitted with covers and hermetically sealed. Thermograms were
obtained by cooling the DSC cell with the sample and reference pans in place
to 150 K and then recording the differential thermal behavior on heating from
170 to 460 K. All samples were run in triplicate to ensure reproducibility.

Dynamic Mechanical Relaxation

The mechanical relaxation spectrum of each polymer was measured at ap-
proximately 1 Hz from 77 to 325 K using a freely oscillating torsion pendulum
which was specially designed for the measurement of weak (A > 10~ transitions
at cryogenic temperatures (4 to 300 K).5 The specimens used were either in the
form of hot-pressed strips 0.5 cm wide by 6.0 cm long by 0.02 em thick, or in the
form of glass braids which were impregnated with dilute polymer solution and
then air and vacuum dried to form a composite specimen which could be sus-
pended in the pendulum. After the sample was mounted in the grips, the pen-
dulum was evacuated and cooled to 77 K by filling the outer Dewar with liquid
nitrogen. When the entire system had reached equilibrium, the inner Dewar
was filled with dry helium and the sample was slowly heated (0.5-1.0 K/min).
Each 2 to 3 K the pendulum was displaced ca. 2° from the equilibrium, and the
amplitudes of the resulting oscillations were recorded as a function of time using
an oscillograph. The period and amplitude of the oscillations are related to the
logarithmic decrement (A) and the relative rigidity (1/P2) by

A=(1/n)In(A;/A,)
and
' 1/P% = (n/t,)?

where Ay and A, are the amplitudes of the first and nth oscillations, respectively,
and ¢, is the time required for n oscillations.

Dielectrie Relaxation

The capacitance and conductance of each sample were measured from 77 to
325 K at 10 Hz, 100 Hz, 1 kHz, and 10 kHz using a General Radio Model 1621A
capacitance measuring system of the modified Schering bridge type. Samples
were prepared by casting solutions of each polymer onto 7.62 cm diameter by
7.8 X 107 cm thick brass electrodes using a stainless-steel casting knife. The
coated electrodes were placed under inverted Petri dishes and allowed to air dry
for 24 hr, then dried in vacuo at 0.1 Torr and 60°C for 8 hr.  After vacuum drying
they were stored over desiccant until use. Each coated electrode was placed in
a parallel-plate capacitance cell” which was jacketed for temperature control and
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Fig. 1. DSC thermograms of pHEMA of varied tacticity.
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purged with dry nitrogen. The cell was cooled slowly (ca. 1 K/min) from room
temperature by passing liquid nitrogen through the cell jacket. Capacitance
and conductance at each temperature and frequency were measured hoth during
coeling to 77 K and upon subsequent warming from 77 to 325 K.

RESULTS AND DISCUSSION

Thermal Transitions

The DSC thermograms for a series of pHEMA polymers are shown in Figure
1. The glass-transition temperature reported for each sample is the midpoint
of the glass-transition region. The glass transition generally extended over a
range of 10-15 K for each sample. Polymerization conditions, tacticity, and T,
for each polymer are summarized in Table I. It can be seen from these data that
all the azo-initiated samples have approximately the same Te, 378 £ 5 K, inde-
pendent of tacticity, which ranges from 0i/16h/84s triads to 0i/49h/51s triads.
Only the anionically polymerized sample, with 80i/15h/5s triads, exhibits a
significantly different T, For the isotactic sample T, = 308 K, some 70 K lower
than its syndiotactic counterpart. This large variation in Ty with tacticity

TABLE I
Glass Transition Temperatures of pHEMA Polymers as Determined by DSC

Triad contents® Polymerization T

Polymer i h 8 temperature (K) (K)
pHEMA 0 17 83 233 377
0 42 58 333 373

0 49 51 423 382

80 15 5 263 308

* Determined by integration of c-methyl carbon resonances in 25.2 MHz '5C-NMR spectra,
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[T e sascs uas ogel SUpPressed entirely. The ¥ relaxation is
still present, however, centered at 140 K.

Dielectric Relaxation

Isochronal plots of tand, versus temperature were made for each frequency,
10 Hz, 100 Hz, 1 kHz, and 10 kHz, in order to intercompare dielectric and dy-
namic mechanical relaxation data. For the samples used, dielectric breakdown
at higher temperatures (>325 K) prevented the observation of the «-transition
region, but the v relaxation was clearly resolved in all cases. Plots were also made
of logf may vs. 1/T,, and the slope of the best least-squares line through the data
was used to determine AH ¥, the activation energy for the v relaxation.

Dielectric relaxation data for sample C, syndiotactic pHEMA, are shown in
Figure 5, A similar plot of tand, versus temperature for isotactic pHEMA,
sample B, is shown in Figure 6. In order to assess the effect of hydrogen bondi ng
on the y-relaxation process, isochronal scans were made as a function of tem-
perature for a sample of predominantly syndiotactic poly(2-methoxyethyl
methacrylate) [pDMEMA], sample D. pMEMA differs from PHEMA only in the
terminus of the ester side-chain, where PMEMA has a methyl group, which is
incapable of hydrogen bonding, while pHEMA has a hydroxyl group which js
capable of strong hydrogen bonding. The plot of tand, versus temperature for
sample D is shown in Figure 7. Plots of logf max vs. 1/ T, for samples B, C,D, and
E (a second pMEMA sample) are shown in Figure 8. The activation energies
of the three predominanily syndiotactic samples B, D, and E ranged from 6.4

to 7.2 keal/mole, while AHY for sample C, the only isotactic sample, was 8.9
keal/mole.
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Conformational Differences in Stereoregular pHEMA

Differences in stereochemical configuration_ can l;ad té} skili?rilfézir;gri::z;iis
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ang axial views' of the syndiotactic and isotactic chains are shown in Figures 9
and 10, respectively. Ineach case the chain segment contains eleven monomer

= {a) (b)
chai;g.i:;e(::aT::]'];v;‘m?mE? (b} axial views of CPK® space-filling model of syndiotactic pHEMA
Gl +4— 14l sequence. Note intramolecular hydrogen bond formed by nonadjacent

those published tor pi¥MA. Lhe synaiolaclic CHALI Was @8s5eILDIEU L all dil-
trans sequence in which the backbone bonds were alternately staggered +15°
and —15° from 180°, the normal trans angle. As the chain was extended, it
became necessary to intersperse G conformers periodically to minimize steric
crowding. The resulting structure, shown in Figure 9, is composed of repeated
T,T_T.G sequences. One consequence of introducing G conformers is the
formation of an intrachain hydrogen bond between the two monomer units on
either side of the G linkage. Such intrachain hydrogen bonding should provide
additional stabilization of G conformations in syndiotactic pHEMA relative to
pMMA and should increase the number of G conformers present.

The isotactic pHEMA chain was assembled in an all-gauche conformation,
which gave rise to the helical structure pictured in Figure 10. The all-gauche
structure was chosen because the CPK® models fit into it readily, with little
crowding of adjacent side-chains, whereas steric hindrance did not permit as-
sembly of the models into predominantly trans structures. Recent calculations
of conformational energies for polyisobutylenel® and for isotactic polystyrene!?
which used potential functions which explicitly included methyl and methylene
hydrogen interactions confirm the stability of gauche conformations in isotactic
chains with bulky substituents. Therefore, the all-gauche conformation for
isotactic pHEMA is not unreasonable. ;

Several differences between the isotactic and syndiotactic chains should be
noted. First, the isotactic chain has no intrachain hydrogen bonds linking its
ester side-chains. On the other hand, every TG T sequence in the syndiotactic
chain brings two pendant hydroxyl groups into close proximity where they can
form a hydrogen bond which stabilizes the local chain conformation. Second,
the carbonyl groups of the isotactic chain are severely hindered by the c-methyl
group of the next monomer unit in the chain and by the carbonyl carbon of the
preceding monomer unit. In contrast, the carbonyl group in the syndiotactic

chain is less severely crowded by its two nearest neighbors, the a-methyl groups -

of the preceding and succeeding monomer units. Third, the ester side chains
of the isotactic pHEMA are packed together rather efficiently along the outside
of the helix, while in the syndiotactic chain only those ester side-chains on either
side of a TGT sequence exhibit intrachain interactions. The other ester side
chains do not pack together because their nearest neighbors are methyl groups,
which do not extend out from the backbone. Finally, we note that the polar
groups in the isotactic chain are all displaced outward from the helical backbone,
giving rise to a helix which has a hydrophobic inner surface and a hydrophilic
outer surface. This is not the case for syndiotactic pHEMA where polar and
apolar groups are interspersed along the helix. This may account, in part, for
the differences observed in the swelling behavior of isotactic and syndiotactic
pHEMA.1

CONCLUSIONS

Differential Scanning Calorimetry

The glass transition in pHEMA is readily observable by DSC. Predominantly
syndiotactic specimens had a Ty of 378 + 5 K which was insensitive to small
changes in tacticity. On the other hand, isotactic pHEMA had a T}, of 308 K,
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those published for pMMA. The syndiotactic chain was assembled in an all-
trans sequence in which the backbone bonds were alternately staggered +15°
and —15° from 180°, the normal trans angle. As the chain was extended, it
became necessary to intersperse G conformers periodically to minimize steric
crowding. The resulting structure, shown in Figure 9, is composed of repeated
T+T_T.G sequences. One consequence of introducing G conformers is the
formation of an intrachain hydrogen bond between the two monomer units on
either side of the G linkage. Such intrachain hydrogen bonding should provide
additional stabilization of G conformations in syndiotactic pHEMA relative to
PMMA and should increase the number of G conformers present.

The isotactic pHEMA chain was assembled in an all-gauche conformation,
which gave rise to the helical structure pictured in Figure 10. The all-gauche
structure was chosen because the CPK® models fit into it readily, with little
crowding of adjacent side-chains, whereas steric hindrance did not permit as-
sembly of the models into predominantly trans structures. Recent caleulations
of conformational energies for polyisobutylene!® and for isotactic polystyrene!l
which used potential functions which explicitly included methyl and methylene
hydrogen interactions confirm the stability of gauche conformations in isotactic
chains with bulky substituents. Therefore, the all-gauche conformation for
isotactic pHEMA is not unreasonable. :

Several differences between the isotactic and syndiotactic chains should be
noted. First, the isotactic chain has no intrachain hydrogen bonds linking its
ester side-chains, On the other hand, every TGT sequence in the syndiotactic
chain brings two pendant hydroxyl groups into close proximity where they can
form a hydrogen bond which stabilizes the local chain conformation. Second,
the carbonyl groups of the isotactic chain are severely hindered by the a-methyl
group of the next monomer unit in the chain and by the carbonyl carbon of the
preceding monomer unit. In contrast, the carbonyl group in the syndiotactic
chain is less severely crowded by its two nearest neighbors, the c-methyl groups
of the preceding and succeeding monomer units. Third, the ester side chains
of the isotactic pHEMA are packed together rather efficiently along the outside
of the helix, while in the syndiotactic chain only those ester side-chains on either
side of a TGT sequence exhibit intrachain interactions. The other ester side
chains do not pack together because their nearest neighbors are methyl groups,
which do not extend out from the backbone. Finally, we note that the polar
groups in the isotactic chain are all displaced outward from the helical backbone,
giving rise to a helix which has a hydrophobic inner surface and a hydrophilic
outer surface. This is not the case for syndiotactic pHEMA where polar and
apolar groups are interspersed along the helix. This may account, in part, for

the differences observed in the swelling behavior of isotactic and syndiotactic
pHEMA.!

CONCLUSIONS

Differential Scanning Calorimetry

The glass transition in pHEMA is readily observable by DSC. Predominantly
syndiotactic specimens had a Ty of 378 + 5 K which was insensitive to small
changes in tacticity. On the other hand, isotactic pHEMA had a T, of 308 K,

some 70 K lower than its syndiotactic counterpart. The DSC thermogram of
isotactic pHEMA also exhibited a series of sharp endothermic peaks in the range
423-453 K, which may have been due to the melting of small crystallites or or-
dered domains. Syndiotactic samples prepared in the same manner did not
exhibit similar peaks.

Relaxation Behavior of Stereoregular pHEMA

Relaxation data for syndiotactic and isotactic pHEMA are summarized in
Table III. From the dynamic mechanical data we can see that syndiotactic
pHEMA exhibits an @ relaxation at 380 K (ca. 1 Hz),a 8 relaxatiop, which ap-
pears as a shoulder on the a-relaxation (ca. 1 Hz), and a -y relaxation at 145 K
(ca. 1 Hz). Isotactic pHEMA exhibits only an o relaxation at 315 K_(ca‘ 1 Hz)
and a <y relaxation at 140 K (ca. 1 Hz) which is approximately half as intense as
that of syndiotactic pHEMA. The 3 relaxation has been completely suppresged
in isotactic pHEMA. Gillham!? attributes the suppression of the 8 relaxation
in isotactic pMMA to interchain steric hindrance arising from the formation of
helical domains within the specimen. Consideration of the molecular models
of isotactic pHEMA leads to a second, equally plausible, explanation for the
hindrance of carbonyl group rotation and the absence of a 8-relaxation peak_in
isotactic methacrylates. The severe crowding of a given carbonyl group by'its
nearest neighbors, which was noted in the preceding section, would make rotation

0]

about the C=—C—O0 bond virtually impossible below T in isotactic pHEM.ﬁ_\.
Since carbonyl rotation is responsible for the S relaxation observed in syndiotactic
methacrylates, the intrachain steric hindrance can account for suppression of
the B relaxation without resort to assumptions of interchain steric hindrance
and domain formation.

The increased barriers to carbonyl rotation in isotactic methacrylates may
also explain the lowering of T, observed in isotactic methacrylates relative to
their syndiotactic counterparts. Since carbonyl group rotation cannot occur
without some correlated conformational changes in the backbone bonds, no 8
relaxation is observed in isotactic pHEMA. Carbonyl group rotation may,
however, give rise to additional local minima in conformational energy whic_h
are separated from the overall minimum by relatively low energy barriers. This
has been observed in the conformational energy functions for polyisobutylene,!°
and has been offered as an explanation for the anomalously low T, of that
polymer. If similar local minima exist in isotactic methacrylates as a result of

TABLE 11T .
Relaxation Temperatures Observed Mechanically and Dielectrically
Dynamic mechanical (ca. 1 Hz) Dielectric
Sample Polymer Ta (K) Tp (K) T4 (K} T, (K) AE, + (kcal/male)
A pHEMA  not observable 285 140 “re es
B pHEMA 35 not present 145 144 8.2
C pHEMA 380 285 145 129 2
D pMEMA  not observable 280 120 123 6.4
E pMEMA 315 280 125 118 6.0
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correlated backbone motions initiated by carbonyl group rotation, this would |
account for the low T, of isotactic methacrylates. Since carbonyl rotation can |
occur in syndiotactic methacrylates without changes in backbone conformation, [
no local minima in conformational energy would be introduced and no lowering |
of Ty would be observed. |
Because of de conductivity breakthrough at higher temperatures, only the v |
relaxation could be observed dielectrically. It occurred at 140 + 5 K (10 Hz) for
both isotactic and syndiotactic pHEMA, and at 120 + 5 K for syndiotactic
PMEMA. The activation energy AHY for the v relaxation was not significantly
affected by the presence of hydrogen bonding. It was influenced by tacticity,
however, being 8.2 kecal/mole for isotactic pHEMA versus 6.8 + 0.4 kcal/mole
for predominantly syndiotactic PHEMA and pMEMA. The difference in AH?
observed is probably due to the more efficient packing of the ester side-chains
along the isotactic helix, discussed previously. Itshould also be noted that the
conformational rearrangements responsible for the v relaxation observed me-
| chanically must differ somewhat from those responsible for the dielectric v
| dispersion. When we plot 1 Hz mechanical data and 10 Hz dielectric data for
| isotactic PHEMA, as shown in Figure 11, we can see that the mechanical loss peak
occurs at a higher temperature than the dielectric loss peak. Extrapolation of
| the dielectric data to 1 Hz yields a predicted T, of 133 K, whereas a T, of 145
| K is observed mechanically. No direct comparisons can be made, therefore,
between data obtained mechanically and dielectrically. However, both me-
chanical and dielectric data can he rationalized on the basis of models of syn-
diotactic and isotactic chains in Figures 9 and 10, More important, no as-
sumption of amorphous ordering is required to explain the differences observed
between isatactic and syndiotactic methacrylates,
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Fig. 11. Comparison of ¥ relaxation observed dielectrically and mechanically for isotactic
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RELAXATION OF pHEMA 1

SUMMARY

The relaxation behavior of stereoregular polyEQ-hycl}voxy'ethyl moethacgilfz}zi)-

has been studied by dynamic mechanical am:_l dielectric spectgos?.tp;]y. Ll

1 laxation have been observed which are corrglate L wi E .p o
izg‘?zrlr?lart?onal differences between isotactic and syndiotactic methacryla

chains. .
i 1fied HEM
Portions of this work were supported by NTH Grant Nu.kH;Jlﬁ_SB I_Ui-iyisgteifaﬁ:; |ewe S
1 swic s grea -
rdron Laboratories, Inc., New Brunqwn_t , s

S fI{OE I_Elii’)y; for the use of the dielectric relaxation appar:itu_s, as well als Ffm—1 many help
Efofe“ii;q‘ E;iscusﬁons with Dr. Lutz Beck were also very stimulating and helpful.
iscussions. 5

References

i Poly 19, 1279 (1978).
i . C. deVisser, and J. D. Andrade, F OIJ:mer, 1223 :
: g E glreg‘::;i‘ g g 1[1{;;:13].};: C(?W;li:?m. Anelastic and Dielectric Effects in Polymeric
2. . Me o & B +
E i 1967, 1 ) :
SOhds'I ‘K;le\i;:;'zni;zhanimi Properties of Solid Polymers, Wiley-Interscience, London, 1971
i J‘ I;n'ééek .J. Macromol. Sei. Rev. Macromol. Chem., C9, 1 (1?73}.{ B L e
b L 'Nicolais‘ D. Acierno, M. Stol, and J. Janaéek, J. Polym. Sci. Polym. Phys. Ed., 12,

: . Phys., B1, 777
(19':54)‘(‘, D. Armeniades, I. Kuriyama, J. M. Roe, and E. Baer, J. Macromol. Sci, Phys., 7

e issertation, University of Utah, 1975.

. Ashcraft, doctoral dissertation, University 4 3
g. g E Sun((:irararajan and P. J. Flory, J. Am. Chem. Soc., 96, 5025 (1292754{):1975)
9. D. Y. Yoon and P. J. Floty, J. Polym. Sci. Polym. Phys. Ed., 14, .

itli a972).
d 5. M. Breitling, Macromolecules, 5,1 (1 55
}(1) Em: BBeziddt:ztoral dissertation, University of Ulm (M.N.H.), Ulm, Federal German Republic

T6.
1QHE. J. K. Gillham, Am. Inst. Chem. Eng. J., 20, 1066 (1974).

Received June 7, 1979
Accepted December 18, 1979



- & e s TR ST, TR AT Rm e A TEIRAR TR MW R mE WA WAk SAIVURY Ul
poly(Z-methoxyethyl methacrylate) (pMEMA) to determine the influence of hydrogen bonding
on side-chain reluxation processes, No difference in £, was observed between syndiotactic pHEMA
and atactic (predominantly syndiotactic) pMEMA. Isotactic pHEMA, however, had £, = 1 keal/
mole higher than that of syndiotactic pHEMA. This was attributed to improved side-chain packing
in the isotactic polymer.

INTRODUCTION

The synthesis, postpolymerization crosslinking, and swelling behavior of
stereoregular poly(2-hydroxyethyl methacrylate) (pHEMA) have been de-
scribed.! Here we present results obtained by differential scanning calorimetry
(DSC), dynamic mechanical spectroscopy, and dielectric relaxation spectroscopy
on noncrosslinked tactic pHEMA polymers. '

The relaxation behavior of alkyl methacrylates has been the subject of ex-
tensive study.>® The mechanical relaxation behavior of crosslinked atactic
pHEMA has been reviewed?; and one recent study compared the viscoelastic
response of uncrosslinked, atactic pHEMA to that of crosslinked pHEMA.5 To
date, however, no work has been reported on the relaxation behavior of pI‘;lEMA
as a function of tacticity. In this article we report the effect of tacticity on the
sub-T, relaxation behavior of pHEMA and relate the differences in behavior
to conformational differences between isotactic and syndiotactic pHEMA.

* Taken in part from Ph.D. dissertation of G. A. Russell.

t Present address: Kodak Research Laboratories, Eastman Kodak Company, Rochester, NY
14650.
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§ Department of Materials Science, Free University of Amsterdam, The Netherlands.
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