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Synopsis

Characteristic behavior in the graft copolymerization of acrylamide/N-(1,1-dimethy}-3-ox-
ybutyl)acrylamide (AM/DAAM) comonomers onto dextran by Ce(IV)-induced initiation was
investigated. From a preliminary study, it was found that ceric ammonium nitrate polymerized
AM/DAAM comonomer mixtures and diacetone acrylamide, but not acrylamide alone in the
aqueous solution. The effect of grafting conditions on the graft copolymerization product was
studied with the aid of aqueous size exclusion chromatography and the anthrone reagent. The
selectivity of formation of the graft copolymer over random copolymer was found to increase
as the reaction temperature and AM/DAAM ratio increased and as both the Ce(IV)/Dextran
molar ratio and HNO, concentration decreased. After establishing optimum grafting condi-
tions, graft copolymer samples were prepared, and their aqueous solution behavior studied as
functions of structure, temperature, and added salts.

INTRODUCTION

We recently reported conditions for best control of the grafting of acry-
lamide onto dextran! and cografting of acrylamide and sulfonate containing
comonomers onto dextran.? In this work we report selectivity in the co-
grafting of acrylamide (AM) and N-<(1,1-dimethyl-3-oxybutyl)acrylamide
(also called diacetone acrylamide, DAAM) onto dextran with the Ce(IV)-
induced initiation. Previously we studied the copolymerization of the AM/
DAAM pair in aqueous solution.?

Since the synthesis and polymerization of this monomer were first re-
ported* in 1965, N-(1,1-dimethyl-3-oxybutyl)acrylamide has found a wide
variety of commercial applications.>® Homopolymerizations of diacetone
acrylamide with various initiation systems including free radical, oxidation-
reduction, UV, and beta radiation have been reported® along with recent
electroinitiation techniques for coatings applications.” Franco® has reported
the effect of different solvents on the copolymerization behavior of diacetone
acrylamide.

Graft copolymers of diacetone acrylamide have also been prepared with
natural and synthetic polymer backbones. Arthur®1® reported photoinitiated
graft copolymerizations of diacetone acrylamide and other acrylamide de-
rivatives onto cellulose in the near UV range in an aqueous medium. No
reports appear, however, of the chemical grafting methods involving di-
acetone acrylamide and ceric ion initiation. The aims of this work were to
investigate the AM/DAAM cografting reaction with Ce(IV) initiation and

Journal of Applied Polymer Science, Vol. 30, 45-59 (1985)
© 1985 John Wiley & Sons, Inc. CCC 0021-8995/85/010045-15$04.00



46 McCORMICK AND PARK

to study the dilute aqueous solution properties of the resulting graft co-
polymers.

EXPERIMENTAL

Materials

Dextran T-500 (M, = 500,000 by light scattering) was obtained from
Pharmacia Chemical Company. Acrylamide from Eastman Kodak and di-
acetone acrylamide from Aldrich were recrystallized three times from ace-
tone prior to use. Ceric ammonium nitrate (NH,), Ce(NO;); from Fisher
Chemical and anthrone from Aldrich were used as received. All other re-
agents were reagent grade and used without further purification.

Graft Copolymerization

Three grafting procedures utilizing Ce(IV)-induced initiation were utilized
for the AM/DAAM comonomer study. All three grafting reactions were
carried out in a three-necked flask equipped with mechanical stirrer, ad-
dition funnel, and N, gas outlet as follows: (a) In the conventional Ce(IV)
grafting method, dextran T-500 was dissolved in distilled water; the solution
was then purged with prepurified N, gas. Following the addition of the two
monomers, freshly prepared ceric ion initiator solution in HNO, was added,
and the mixture was stirred for 3 h at a specified temperature. (b) In a
modified procedure,! the order to reagent addition was changed: dextran/
Ce(IV) + HNOy/AM-DAAM. After dissolving dextran T-500 under N,, the
Ce(IV)}-HNO; solution was added, and the mixture was stirred for 10 min
at 25°C to allow complex formation. After increasing the reaction temper-
ature to 30°C, AM/DAAM monomers were added; the mixture was stirred
for 3 h. (c) In an improved Ce(IV) grafting method,? the order of addition
of reagents were: dextran/Ce(IV)/ AM-DAAM/HNQO;. In this procedure the
dextran substrate was treated with an aqueous solution of (NH,), Ce(NO5);
at 35°C for 15 min under N, prior to the graft copolymerization reaction.
The AM/DAAM monomer pair was added to this partially oxidized dextran
which contained active complexed Ce(IV) ions. The grafting reaction was
started by adding HNQO; solution; the mixture was then stirred for 3 h at
40°C.

In all grafting procedures, the product polymer solution was diluted with
distilled water after reaction to a 0.5 g/dL concentration before precipitation
with acetone. After purification by reprecipitation, the polymer was dried
at 40°C under vacuum overnight. The total monomer conversion by weight
was calculated from the following equation:

wt graft copolymer — wt dextran

wt AM/DAAM comonomers X 100

conversion (%) =

Size Exclusion Chromatography

A Waters Associates High Pressure Liquid Chromagraph ALC-300 with
a Model R-401 Refractive Index Detector was used for the size exclusion
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chromatographic studies. Columns were of stainless steel 60 ¢cm in length
and 0.767 cm in diameter. A nine-column set was packed with porous glass
(Electro-Neucleonics, Inc.) of nominal pore size 3000 (2), 2000 (2), 1400 (2),
700, 500, 350 A, respectively. The column set was operated at flow rate of
2 mL/min and a pressure of 1500 psi at 25°C. The eluting solvent was 75/
25 (v/v) water/dimethyl formamide mixture. Injected sample size was 2 uL.
at a polymer concentration of 0.1 g/dL.

Viscosity Measurements

Four-bulb, shear dilution viscometers (Cannon-Ubbelohde) were used for
the investigation of dilute aqueous solution properties of graft polymer
samples. The shear rate ¥ and kinematic viscosity n were calculated from
the equations: v = k/t and nn = c - ¢, respectively, in which ¢ represents
the efflux time of the polymer solution and % and c represent the shear
rate constant and viscometer constant, respectively. All viscosity measure-
ments were conducted after a time interval of 5 days from solution prep-
aration in order to minimize solution aging effects.

RESULTS AND DISCUSSION

Control of the Grafting Reaction

In a preliminary study, we grafted the comonomers DAAM and AM onto
dextran utilizing Ce(IV) initiation method (a) detailed in the experimental
section. Reaction conditions and conversions are shown in Table I for the
copolymerization and homopolymerization of the respective monomers. Un-
der these conditions it was found that AM and DAAM were copolymerized
to high yield in the presence of the dextran substrate. Acrylamide did not
homopolymerize, in agreement with our previous work, while DAAM was
converted to homopolymer although at low yield. Ce(IV) was effective in
initiating copolymerization of the 90/10 feed of AM/DAAM. Apparently
the DAAM/Ce(IV) complex can disproportionate to produce radicals for
homo- or copolymerization. Although graft copolymerization is favored, the
reaction mixture from our preliminary experiments contained significant
amounts of copolymer; therefore, subsequent experiments examined meth-
ods for increasing grafting relative to copolymerization.

The expected sequence of reactions is shown in eq. (1)8). The grafting
reacton could be favored relative to the solution copolymerization by in-
creasing complexation of Ce(IV) with dextran, D equation (1) relative to
DAAM [eq. (3)] and/or by increasing the disproportionation rate of complex
C, as compared to C,.

Initiation:

CeV) + D = C, = D + Ce(ID) @)
D+M~-D-M 2
Ce(IV) + DAAM = C, -~ DAAM: + Ce(III) 6))



McCORMICK AND PARK

48

(Towp)

z01 NS2000 001/0 uonjezLswWAjodouwoy 9-dd
o187 _0 _ ’da = [ONH] 0/001 uonyezLowAjodowoy Sdd
¥0g 0020 (AD®D “1/T0U 1 01/06 uorjezLIawA[odo) ¥-dd

(TowIA)
9'86 =[] tesos 01/06 (0) Bunyern g-dd
qL6 ¥00'0 _ "¥¥ed Y g ‘D.08 01/06 (@ Bunyern Z-dd
1'86 0%00 (AI®D T 00z = I3yep 01/06 () Sunyein 1-dd
(%) SUOTIIPUOS UOTJ0BdY oryex POYIS| UoneZLIRWAT0J ‘ou
UOISISAUC) WVVd srdweg
/INV

vonenu] (A1 Aq Sunyer) WVVA/IV Jo Aprig Areuturijald

IdTdVL



WATER-SOLUBLE COPOLYMERS. XI 49

DAAM + M - DAAM — M €Y
Ce(IV) + AM - No Rxn 5)

Propagation:
M,+M-M,,, 6)

Termination:
M, +M,~-P 7N
M, or M,,. + Ce(IV) - P + Ce(IIl) 8

Aqueous Size Exclusion Chromatography Studies

The effects of reaction temperature, HNO; concentration, monomer ra-
tios, Ce(IV)/dextran ratio, and order of addition of reagents on conversion
and the distribution of products were studied utilizing aqueous size exclu-
sion chromatography. Despite the obvious separation problems due to broad
molecular weight distributions of the starting dextran and that inherent
in radically initiated polymerization, it was possible to monitor products
and thus optimize reaction conditions. Proper conditions must be main-
tained in order to avoid adsorption, to limit polymer solution dimensions,
and to maximize the differences in refractive index of the polymer and
solvent.11.12

Various solvents and solvent mixtures were tested (Table II), and a 75/
25 (v/v) mixture of water/dimethyl formamide was found to be most suit-

TABLE II
Test of Solvents for the Chromatographic Study of Dextran-g-Poly(AM-co-DAAM) Samples
Solvent, mixture solvent & Refractive index SEC resolution®
(polymer sample solution) N20 +,% =)

H;0, 0.5M potassium biphthalate (PBP) 1.3346

(+ 0.2 g/dL pp-12, graft copolymer) 1.3347 -

(+ 0.2 g/dL dextran T-500) 1.3362 ++
H,0, 0.05M PBP & 0.05M urea 1.3357

(+ 0.2 g/dL pp-12, graft copolymer) 1.3355 -

(+ 0.2 g/dL dextran T-500) 1.3356 -
H,0/CH;0OH, 80/20 (v/v) 1.3371

(+ 0.2 g/dL pp-12, graft copolymer) 1.3373 °
H,0/DMSO, 50/50 (v/v) 1.4116

(+ 0.2 g/dL pp-12, graft copolymer) 14117 -
H,0/dioxane, 80/20 (v/v) 1.353

(+ 0.2 g/dL pp-12, graft copolymer) 1.3534 +
H,0/HCHO, 90/10 (v/v) 1.3360

(+ 0.2 g/dL pp-12, graft copolymer) 1.3362 °

(+ 0.2 g/dL dextran T-500) 1.3365 ++
H,0/DMF, 75/25 (v/v) 1.3891

(+ 0.2 g/dL pp-12, graft copolymer) 1.3896 +4++

(+ 0.2 g/dL dextran T-500) 1.3897 +++

a + = resolved; ° = some resolution; — = no resolution.
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Fig. 1. Universal calibration curve obtained with polyacrylamide and dextran standards
in 75/25 (v/v) water/DMF solvent. M, of standard (polyacrylamides): (1) 5.5 x 105 (2) 3.0 X
105 (3) 1.5 x 105 (4) 0.86 X 10%; (5) 0.51 X 10° (dextran); (6) 0.50 x 10 (7) 0.25 x 108

able. Separation was possible with controlled porous glass packing (see
Experimental). The column set was calibrated using polyacrylamide and
dextran standards (Fig. 1); no attempts, however, were made to predict
molecular weights or hydrodynamic volumes for our synthetic polydisperse
samples. Rather, fractions of the eluent from aqueous size exclusion chro-
matography were analyzed utilizing the anthrone reagent which quanti-
tatively interacts with anhydroglucose units. The absorbance of each
fraction was then studied spectroscopically at 630 nm and compared to
standard dextran solutions!® to determine composition. Note that unreacted
dextran (T-500) elutes at 160 mL in this column set.

Effect of Reaction Temperature

The reaction temperature for cografting, method (a), of AM/DAAM mon-
omers onto dextran was varied from 30°C to 60°C while keeping other graft-
ing conditions constant (Table III). The total monomer conversion increased

TABLE III
Effect of Reaction Temperature on AM/DAAM Cografting onto Dextran
Reaction
Reaction temperature Conversion
no. Reaction conditions C) (%)
PP-9 Conventional Ce (IV), grafting 30 53.4
PP-10 method (a), Ce(IV)/D = 20, AM/ 40 67.4
PP-11 DAAM = 90/10, [M] = 0.8 50 76.5

PP-12 mol/L, [HNQO;] = 0.01N, 3 h 60 773
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Fig. 2. Chromatograms of AM/DAAM cografting at different reaction temperatures under
conditions given in Table IIIL.

from 53.4% at 30°C to 76.5% at 50°C but then increased only slightly to
77.3% at 60°C.

The chromatograms (Fig. 2) and the anthrone tests of collected fractions
indicate graft copolymers at smaller elution volumes and random copoly-
mers at higher elution volumes. As the temperature was increased, selec-
tivity toward the grafting reaction increased. Additionally, molecular size
of the grafts increased as evidenced by a movement toward the total void

volume of the column set. No unreacted dextran was detected.

Effect of the HNQO; Concentration

The concentration of nitric acid during graft copolymerization, method
(a), has a profound effect on both conversion (Table IV) and product dis-
tribution (Fig. 3) from size exclusion chromatography and eluent analysis
using the anthrone reagent. Below concentrations of 0.0056 N HNQO,, grafting

TABLE IV

Effect of HNO; Concentration on AM/DAAM Cografting onto Dextran
Reaction [HNO,] Conversion

no. Reaction conditions N) (%)
PP-13 0.100 5.6
PP-14 Conventional Ce(IV), grafting method (a) 0.050 17.2
PP-9 Ce(IV)/D = 20, AM/DAAM = 90/10, 0.010 53.4
PP-15 [M] — 0.8 mol/L, temp 30°C, 3h 0.005 70.9
PP-16 0.0025 85.3
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Fig. 3. Chromatograms of the AM/DAAM cografting mixture obtained at different HNO
concentrations under conditions outlined in Table IV.

is highly favored over random copolymerization. Apparently the relative
rates of formation or disproportionation of complexes C, and C, [egs. (1)
and (3), respectively] are affected by HNO; concentration, aithough this
observation was not studied further.

Effect of Ce(IV)/Dextran Molar Ratios

The effect of the Ce(IV)/dextran ratio [method (a), M, of dextran 500,000]
on grafting conversion (Table VI) and the resulting chromatograms (Fig. 4)
was studied. The total monomer conversion increased as the Ce(IV)/dextran
ratio was increased. Previously we had shown that under these same con-
ditions for grafting of acrylamide alone, a maximum in conversion had been
reached at a ratio of 20; above values of 50 in those experiments, a dramatic
reduction in conversion was observed. Additionally, termination by reaction
with “free” Ce(IV) was shown to substantially reduce molecular weight and
grafting efficiency as well as broaden molecular weight distribution.

From SEC and the anthrone test (Fig. 4), it is evident that large amounts
of ungrafted random copolymer of AM and DAAM are present in the re-
action mixture. Bimodal distributions are attributed largely to graft co-
polymer near the total void volume and random copolymer at higher elution
volumes. This conventional grafting procedure obviously gives broad dis-
tributions of grafted and ungrafted chains.

TABLE V
Effect of Monomer Feed Ratio on AM/DAAM Cografting onto Dextran
Reaction AM/DAAM Conversion
no. Reaction conditions (molar ratio) (%)
PP-20 95/5 40.7
PP9 Conventional Ce(IV), grafting method 10/10 53.4
PP-17 (a), Ce(IV)/D = 20, [M] = 0.8 mol/ 80/20 56.9
PP-19 L, [HNO,] = 0.01N, temp 30°C, 3 h 70/30 61.2

PP-18 60/40 68.2
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TABLE V1
Effect of Ce(IV)/D Molar Ratio on AM/DAAM Cografting onto Dextran
Reaction Ce(IV)/D Conversion
no. Reaction conditions (molar ratio) (%)
PP-21 . 5 46.7

Conventional Ce(IV), grafting method

gﬁf (), AM/DAAM = 90/10, [M] = 0.8 ;g gg'i
PP-23 ;nﬁl/ L, [HNO;] = 0.01N, temp 30°C, 50 549
PP-24 100 642

Selection of Optimal Grafting Conditions

The above cografting studies with conventional Ce(IV) initiation, method
(a), and previous studies in our laboratories on Ce(IV)-initiated grafting of
acrylamide onto dextran! led us to select controllable grafting procedures,
methods (b) and (c). First, the self-initiation capacity of the DAAM monomer
fegs. (3) and (4)] can be controlled by decreasing the HNO; concentration
as well as the Ce(IV)/dextran ratio and by increasing the reaction temper-
ature.

Previous studies! had also shown that the order of addition of reagents
in the grafting reaction could affect controllability of structure. Best control
of structure resulted from addition of the Ce(IV) to the dextran substrate
prior to addition of HNQO; and monomer, method (b). However, some preox-
idation of dextran, method (c), is helpful in favoring formation of complex
C,, eq. (1), over the DAAM/Ce(IV) complex C,.

The reaction conditions and conversion data for a series of graft co-
polymers prepared by method (c) are shown in Table VII. The total monomer
conversions were above 86% for all compositions of AM/DAAM prepared
at Ce(IV)/dextran molar ratios of 10-50. The lower conversion of 66.7% at
Ce(IV)/dextran of 5 is likely due to Ce(IV) consumption during oxidation
of dextran. The aqueous size exclusion chromatographic study and anthrone
reagent analysis showed no significant amounts of random copolymers of
DAAM with AM in samples PP-33-PP-38. However, samples PP-39 and PP-
40, prepared from high Ce(IV)/dextran ratios, exhibited high proportions
of ungrafted random copolymers.
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Fig. 4. Chromatograms of AM/DAAM cografting obtained at different Ce(IV)/D molar
ratios under conditions outlined in Table VI.
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TABLE VII
Reaction Conditions* and Conversion Data for the Model Graft Copolymer Samples
Reaction Reaction Conversion

no. conditions (%)
PP-33 Ce(IV)/D = 10, AM/DAAM = 100/0 87.3
PP-34 95/5 83.3

[M] = 0.5 mol/L,
PP-35 90/10 845
[HNO;] = 0.0025N,
PP-36 temp 40°C. 3 h 80/20 86.2
PP-37 mp 4%, 70/30 89.2
PP-38 [M] = 0.5 mol/L, CedV)/D =5 66.7
PP-39 AM/DAAM = 90/10, 20 845
PP-40 [HNO;] = 0.0025N, 50 86.6
Temp 40°C, 3h

= Improved Ce(IV) grafting procedure (method ¢) was used with pretreatment of dextran
substrate [by (NH),Ce(NOy)s, 15 min, 35°C] under N,.

Graft Copolymer Structure and Solution Viscosity

The relationship between graft copolymer structure and dilute aqueous
solution behavior is important for establishing potential applications of
water-soluble graft copolymers. The structural data of model dextran-g-
poly(AM-co-DAAM) samples synthesized by the optimized Ce(IV) grafting
method are shown in Table VII.

The graft copolymer composition is expressed in terms of mole fractions
of three components (F,;, Fam, Fpaan); the respective mole fraction of an-
hydroglucose units in the dextran backbone and those of acrylamide and
diacetone acrylamide in the side chains. Normalized moles were calculated
from elemental analysis data for each graft copolymer sample utilizing egs.
(9)11). Mole fractions Fpg, Fay, and Fpaay were then calculated (Table
VIIID):

6(AG) + 3(AM) + 9(DAAM) = (%(C)/12.01 9
(AM) + (DAAM) = (%N)/14.01 10)]
5(AG) + (AM) + 2(DAAM) = (%0)/16.00 (11)

The weight fraction of side chains in the graft copolymer, W,, was cal-
culated using data obtained from egs. (9)—(11):

W — 71.08 (AM) + 169.23 (DAAM)
£ 162.14 (AG) + 71.08 (AM) + 169.23 (DAAM)

(12)

The total molecular weight of graft copolymer, M, .» Was obtained from eq.
(13) using the W, value of each graft copolymer sample:

MW graft copolymer (M,, g 1 13)
MW dextran (M, = 500,000) 1 — W,

The molecular weight and W, values of the control graft copolymer, PP-33,
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were calculated to be 1.52 x 10° and 0.671 X 108, respectively, using a
similar calculation procedure.!

The dilute aqueous solution viscosity of model graft copolymers strongly
depends upon the grafting conditions. The effect of the AM/DAAM feed
ratio on the solution viscosity is shown in Figure 5. The viscosity of the
graft copolymers increased as the content of DAAM monomer increased
while the other reaction parameters were kept constant. It was also noted
that all graft copolymers with AM/DAAM units in their side chains ex-
hibited higher viscosities than graft copolymer with acrylamide side chains.
Total molecular weights (Table VIII) varied from 1.65 X 10° to 2.28 x 108.
As the Ce(IV)/dextran molar ratio decreased, the viscosity of the resulting
graft copolymer increased (Fig. 6). This result indicates that the graft co-
polymer with a few long chains show higher viscosity than many short ones.
This general tendency was previously confirmed with graft copolymer sam-
ples with acrylamide side chains and their hydrolyzed versions.” Despite
the lack of solubility of poly(DAAM) in water, the DAAM units in the graft
copolymer apparently act in a way to extend molecular dimensions, thus,

increasing viscosity.
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Fig. 5. Effect of the AM/DAAM feed ratio on the viscosity of resulting graft copolymer
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Fig. 6. Effect of Ce(IV)/dextran molar ratios on the viscosity of resulting graft copolymers.
Ce(IV)/D (mol/mol): (A) PP-38 (5); @ PP-35 (10); (@) PP-39 (20); (@) PP-40 (50).

The effect of temperature was studied with the two graft copolymer sam-
ples, PP-33 and PP-37, which were synthesized from AM/DAAM feed ratio
of 100/0 and 70/30, respectively. In Figure 7 are shown the Arrhenius plots
of kinematic viscosity versus reciprocal temperature according to eq. (14)
under constant shear rate conditions. The incorporation of the DAAM unit
in the side chains of graft copolymer adversely affects the temperature
sensitivity of solution viscosity, i.e., the more DAAM units in the graft
copolymer, the greater the solution viscosity loss with increasing temper-
ature.

Inn=InA+ERWVT) 14)

In contrast to random copolymers of AM with DAAM previously syn-
thesized,? viscosity increases in NaCl and CaCl, solutions were less than
5%. This is likely due to the adverse effects of branching on chain ordering
in dilute solution.

CONCLUSIONS

Graft copolymers can be prepared with controlled structures from co-
grafting of AM/DAAM comonomers onto dextran (M, = 500,000) utilizing
a modified Ce(IV)-induced initiation system. The competing random co-
polymerization, also initiated by Ce(IV), can be nearly eliminated by in-
creasing the reaction temperature to 40°C, decreasing HNO; concentration
to 0.0025N, maintaining a Ce(IV)/dextran ratio below 20, keeping the AM/
DAAM ratio above 70/30, and allowing precomplexing of the Ce(IV) to
dextran prior to addition of comonomers and nitric acid. Dilute solution
viscosities were studied as a function of copolymer composition in the mo-
lecular weight range from 1.65 to 2.28 x 106. Higher viscosities in water
were found as the DAAM content in the side chain increased. Viscosity
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decreased with increasing temperature for these graft copolymers more
rapidly when compared to previously prepared model dextran-g-
poly(acrylamides). The addition of NaCl and CaCl, slightly increased vis-
cosity (up to 5%) but to a lesser degree than that observed for previously
reported random DAAM/AM copolymers. The increase in viscosity of the
AM/DAAM dextran-grafted copolymers as compared to grafted AM copol-
ymers, is likely due to a chain stiffening effect along the grafted chains.
This effect is highest for a few long-chain grafts than for a larger number
of short-chain grafts.
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