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The intrinsic viscosity ([r/]) in water of a sample of linear poly(N-methylol acrylamide) (PMAM) has been 
measured over the range 278-348 K and the swelling ratio (Q) in water of a sample of chemically crosslinked 
PMAM has been determined within the interval 278-353 K. The plots of It/] and Q versus temperature 
(T) both exhibited a maximum. The viscometric behaviour is consistent with an analysis based on excluded 
volume theory, which indicates the existence of a critical solution temperature both below (263 K) and 
above (375 K) the maximum. The swelling data were analysed on the basis of the Flory-Rehner theory 
which yielded a predicted minimum in the dependence of the polymer-water interaction parameter (Z) 
with T, thus according with the observed maximum in Q versus T. Prolonged heating of linear PMAM 
and its xerogel yielded products, which were no longer soluble or swellable, respectively, in water. The 
induced crosslinking proposed as the cause has been confirmed by chemical and infra-red analysis. 
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I N T R O D U C T I O N  

A hydrogel is a water-swollen, and commonly cross- 
linked, polymer the linear form of which may or may not 
be soluble in water, as typified by poly(N-vinyl-2- 
pyrrolidone) (PVP) ~ and poly(2-hydroxyethyl metha- 
crylate) (PHEMA) 2, respectively. In studies on crosslinked 
organogels such as swollen rubber it is common practice 
to assign the same value of the polymer-swelling liquid 
interaction parameter X as that known for solutions 3. 
This procedure is clearly somewhat inexact, as X is 
concentration dependent or effectively depends on the 
level of crosslinking in the gel. The latter statement has 
been corroborated for PVP networks in water 1. Nonethe- 
less, as evidenced by our findings on linear and 
crosslinked P H E M A  in aqueous dioxan mixtures 2'4, 
certain analogies do exist between swollen gels and the 
corresponding solutions. It is this aspect which constitutes 
the main aim and theme of this paper. 

The effects of temperature on the equilibrium swelling 
which have been noted to date are quite diverse 5-s, 
namely: (1) increased swelling with increase in temperature 
(T), i.e. an endothermic process; (2) decreased swelling 
with increase in T, i.e. an exothermic process; and (3) a 
combined effect of increased swelling followed at high T 
by decreased swelling. Examples of these types have been 
quoted previously 5. The effects of temperature on the 
intrinsic viscosity (I-r/]) of a solution of a linear polymer 
also encompass several forms, which have been discussed 
and rationalized 9'1°. Hence we have sought a system 
whereby the swelling of a hydrogel over a wide range 
of T can be compared with the value of 01] at different 
temperatures. Several of the hydrogels cited previously 
within the above types do not have water-soluble linear 
forms. The parallel between the behaviour of PVP 
hydrogels and the decrease in [r/] with increasing T for 
aqueous solutions of linear PVP is already known xa. 

A preliminary search and relevant tests indicated that 
linear and crosslinked poly(N-methylol acrylamide) 
(PMAM) might well provide suitable systems, since the 
former is water soluble and the latter is capable of 
considerable water uptake at swelling equilibrium. 

EXPERIMENTAL 

Preparation of linear PMAM 
The aqueous reaction mixture contained N-methylol 

acrylamide (MAM), ammonium persulphate (initiator) 
and isopropanol (chain transfer agent 12) at overall 
concentrations of 0 .4moldm -3, 3.5 x 1 0 -3 m oldm -3 
and 8 ml d m -  3, respectively. The water used was slightly 
acidified with HCI to p H = 6  in order to enhance 
solubility of the monomer 12. After passage of gaseous 
nitrogen through the solution for 10 min, the vessel was 
sealed and reaction was carried out at 323 K for 14min. 
The clear solution was then chilled to stop reaction and 
dialysed in a Visking bag against deionized water, which 
was changed twice daily. After 7 days the solution was 
concentrated in a rotary evaporator and freeze dried for 
15 h. The resultant white powder was dried finally under 
vacuum at 303 K. The yield was 40%. 

Preparation of PMAM hydrogels 
The reaction mixture in water, which was slightly 

acidified as before, contained MAM, ammonium 
persulphate and methylene bisacrylamide (crosslinking 
agent) at overall concentrations of 2 mol dm-  3, 
6 x 10- 3 mol d m -  3 and 0.5% of the weight of monomer,  
respectively. After outgassing with nitrogen for 5 min, the 
solution was injected into a mould consisting of two glass 
microscope slides separated by a peripheral poly- 
tetrafluoroethylene gasket. The assembly was held 
together by four bulldog clips. Polymerization was 
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carried out in a preheated oven for 2.5 h at 328 + 1 K, 
after which the mould was left to cool to room 
temperature and opened. The hydrogel was removed and 
placed in distilled water. 

To determine the conversion in the preparation of the 
hydrogel a parallel experiment under identical conditions 
was conducted on a small quantity of the reaction mixture 
in a small stoppered vial. After the reaction the resultant 
hydrogel disc was removed, washed with water and left 
for 4 days when a constant weight of swollen disc was 
obtained. The sample was then dried to constant weight 
in a vacuum oven at 313K. The fractional conversion 
was calculated as the ratio of the weight of dried disc to 
weight of monomer in the initial reaction mixture. The 
conversion was found to be 92%. 

Procedures 
Fundamental characteristics. For solutions of linear 

PMAM in water the specific refractive index increment 
(dn/dc) and the weight average molar mass (Mw) were 
determined at 298 K and 633 nm employing apparatus 
and procedures described previously ~3'14. The partial 
specific volume (v-2) of polymer in water was also 
measured as before ~5. The method of Cornet and van 
Ballegooijen x6 was used in conjunction with a previously 
adopted experimental technique 17 to determine the 
composition of a 0 mixture at 298 K, the solvent and 
precipitant being water and ethanol, respectively. 

Spectroscopy of linear and crosslinked polymer. 
Certain of the samples subjected to different treatments 
(see Results) were ground to a fine powder and 
dried thoroughly. Potassium bromide pellets containing 
~ l . 5 w t %  polymer were made and their spectra 
examined in a Perkin-Elmer 1710 IR Fourier transform 
spectrometer, the resolution and number of passes being 
2 cm-  ~ and 20, respectively. 

Intrinsic viscosity and swellino. The intrinsic viscosity 
[~/] of the linear polymer in water was measured in an 
Ubbelohde viscometer, data being treated according to 
the standard Huggins x8 equation. Values were determined 
at eight temperatures within the interval 278-348 K. A 
separate solution, which had been maintained at the 
highest of these temperatures and then restored to 278 K, 
gave the same value of [~/] as that obtained initially. In 
order to obtain the viscometric chain expansion factor 
(~) the value of [q] was measured also in the 
ethanol/water 0 mixture at 298 K. 

The crosslinked hydrogel produced in the shape of the 
mould was cut into a rectangular strip (60 × 12 × 3 mm). 
This was weighed, stored at ambient temperature in water 
to extract any unreacted monomer and/or uncrosslinked 
species and left to attain swelling equilibrium (72 h), when 
the surface dried specimen was reweighed. The swollen 
hydrogel was then immersed in distilled water in a beaker 
in a bath at 353 K. The weight of the swollen gel was 
determined at 15 min intervals until a constant value was 
reached (swelling equilibrium). Weighings were made in 
tared sample bottles after lightly surface drying with 
Whatman no. 1 filter paper. This procedure was repeated 
to obtain values of the equilibrium swelling at 5 K 
intervals down to 278 K. Then the sample was restored 
to 353K when the same degree of swelling as that 
obtained initially was yielded. Degrees of swelling were 

expressed as a swelling ratio Q: 

Q = W/Wo (i) 

where W is the weight of hydrogel at equilibrium and 
Wo is the weight of dry unswollen gel, which was obtained 
after completion of all swelling experiments by drying at 
333 K for ~ 24 h and then to constant weight at 363 K. 

RESULTS AND DISCUSSION 

Primary characteristics 
Certain properties of PMAM have not been reported 

elsewhere. The values obtained here for dn/dc (at 633 nm 
at 298K) and ~2 in water at 298K were 0.151 and 
0.714dm 3 kg -1, respectively. The value of v2 is smaller 
than the value of 0.769 dm 3 kg-  1 for polyacrylamide 19. 
The 0 mixture in aqueous ethanol at 298K was 
determined from a plot of volume fraction of ethanol in 
the solvent mixture at the phase separation point versus 
log of the volume fraction of polymer. Extrapolation of 
the linear plot to pure polymer [i.e. to the log of the 
volume fraction of polymer = 0] yielded the 0 composi- 
tion as ethanol/water=45.0/55.0 (v/v). For  the linear 
sample of PMAM the value of [q] measured under 0 
conditions ([q]0) was 225.1 dm 3 kg-1. Due to difficulty 
in effecting perfect clarification even after centrifugation 
at 1700revmin -1 for 30min, the light scattering 
measurements on aqueous solutions of PMAM could be 
obtained reliably only down to a scattering angle of 75 °. 
Consequently the derived value of M w can be quoted 
only as an approximate one of 2.5+0.3 × 106gmo1-1 

Intrinsic viscosity at different temperatures 
The values of [r/] are not listed here, but are presented 

graphically as a function of T in Figure 1A, which shows 
two distinct regions, namely a sharp increase in [q] with 
T at low T and a gradual decrease in [r/] with T at high 
T. A maximum occurs at T ~ 298 K. 

As shown previously for other systems the variation 
of [q] with Tcan assume several forms. One of the factors 
dictating the precise form in any particular system is the 
proximity, or otherwise, of the working range of T to 
the upper and lower critical solution temperatures. 
References should be made to earlier papers 9'1° for details 
of the relevant derivations and further discussion of them. 
Essentially the general dependence of [q] on temperature 
is embodied in equation (2) in which K and L are defined 
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5.72 ~E 
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278 318 358 

T(K) 

Figure 1 Variation with temperature of the intrinsic viscosity of linear 
PMAM expressed as (A) [q] versus T and (B) In [q] versus T 
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F i g u r e  2 Dependence of the standard deviation (tr) of the parameter 
2 as a function of selected 0 temperature 

b y  equations (3) and (4), respectively. 

~_ 1 --K[(T/O)-- 1] 

L[(T/O)-  1] 

K = T(d ln[t/]/d T)(co/7) 

L = T[1 - (co/y)] 

(2) 

(3) 

(4) 

Here 7 is the dimensionless exponent in the general 
expression in equation (5) in which M is the molar mass 
of the polymer and the constant Ko is defined in equation 
(6). A value of 3.0 is most commonly assigned 2°-22 to 7 
and was used here, 

rr/] = KoMll20~ ~' (5) 

K o = ~bo((r 2 )o/M) 3/2 (6) 

In equation (6) ~b o is the universal Flory constant and 
(r~)o is the mean square end-to-end distance of the chain 
in the unperturbed state. The excluded volume parameter 
is proportional to a function f(00 of the chain expansion 
factor :t and the parameter co in equations (3) and (4) is 
defined 9 as 

co = d In f (ct)/d In ct (7) 

The quantity 2 in equation (2) is proportional to the 
temperature coefficient of the unperturbed dimensions: 

2 =d ln Ko/dT = (3/2) d ln (r2)o/d T (8) 

In previous studies 1° good accord was found between 
experimental and predicted values of 2 and the 0 
temperature on the basis of analysis via the Fixman 
theory 23'24, which is adopted here: 

f(cO = ~3 _ 1 (9) 

From equation (7), this gives 

co = 30~3/(0~ 3 --  1) (10) 

Relevant values of ~ were obtained from the values of 
[~/] in conjunction with [t/J0 in the ethanol/water 0 
mixture: 

= ( [ t / ] / [ ~ ] 0 )  1" (11)  

Note that for aqueous PMAM the values of K o, 2 and 
the 0 temperature, 0, are a priori unknown. 

A plot of In[t/] versus T is given in Figure 1B and 
values of d ln[q]/dT were obtained at 29 temperatures 
separated by intervals of 2.5 K. Similarly, from Figure 1A, 
29 values of [t/] at the same temperatures were obtained 
to enable the values of ~ to be calculated via equation 
(11). The following procedure was then adopted. 

By assigning separately nearly 500 different values to 
0 at 1 K intervals between 5 K and 500 K for each 0, 
equation (2) was used to calculate the corresponding 
value of 2, that is, ~-i at 29 temperatures and hence also 
the mean of these values, ),, as indicated in equation (12) 
where n = 29: 

n 
~,= ~, 2i/n (12) 

i = 1  

The standard deviation (a) of 21 calculated for each of 
the values assigned to 0 can thus be calculated: 

t7 = [i__~ 1 ('~i--~')2/t/11/2 (13) 

The minimum in cr must correspond to best compliance 
within equation (2). Treatment according to this 
procedure was effected by means of a computer program. 

The values of tr at different selected values of 0 are 
shown in Figure 2, which possesses the following features: 
(1) the maximum in tr occurs at a selected 0 temperature 

298 K. Hence this temperature must be very different 
from the true 0 temperature. This accords with Figure 
1A which shows that 298 K is in fact the temperature of 
maximum coil expansion; (2) there are two minima, one 
at a selected 0 = 2 6 3 K  and the other at a selected 
0=375 K. Both of these are consistent with the trend 
towards decreasing [~/] at very low and also at very high 
temperatures in Figure 1A. The value of 2 at the lower 
of these values of 0 (263 K) is -8 .75 x 10-3 K - l ,  
which corresponds [cf. equation (8)] to a temperature 
coefficient of the unperturbed dimensions of (2/3) 
( -8 .75  x 10-3 K - l ) =  -5 .8  x 10 -3  K -1 

Swelling of hydrogel at different temperatures 
The swelling ratio Q as a function of T is plotted in 

Figure 3. Although the range of Q is relatively small, the 
changes in the weights of the swollen sample were always 

9.65 

9.50 ~ I = 
273 313 353 

T(K) 

Figure 3 Variation with temperature of the swelling ratio Q for a 
PMAM hydrogel 
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in the first or second decimal place (in a total weight of 
3.7 g). Hence the trend in Figure 3 is a real one, i.e. 

an increase in Q followed by a maximum at ~ 308 K and 
then a decrease in Q. Depending on the temperature 
regime, therefore, the swelling of crosslinked PMAM can 
be endothermic, athermal or exothermic. 

Neither the polymer-water interaction parameter Z nor 
the effective crosslinking density v e is known. However, 
the following semi-quantitative treatment allows the 
general form of the temperature dependence of Z to be 
estimated. The Flory-Rehner theory 3 yields the con- 
dition at swelling equilibrium as: 

ln(1-c~2)+q~2 + Zq~2 WveVl(~91/a-2~b2f-1)=O (14) 

where f is the functionality of crosslinker ( f = 4  for 
methylene bisacrylamide), V 1 is the molar volume of 
water and 4) 2 is the volume fraction of polymer in the 
hydrogel. Values of q~2 were calculated from Q at each 
temperature in conjunction with the density of water and 
1/#2. Equation (14) can be recast into the following form 
in which K1 is a function of ~2 only and K2 is a function 
of (])2' V1 a n d f :  

z=K~ +K2v e (15) 

The nominal or theoretical crosslinking density v t is 
known, namely vt=mol crosslinking agent/volume of 
(monomer + crosslinking agent) = 4.3 x 10- 2 mol dm- 3. 
However, v e rarely has exactly the same value as v t. Values 
of % between 0 mol dm- 3 and 4.3 x 10-1 mol dm- 3 were 
assigned separately to calculate Z at each temperature 
via equation (15). The result was insensitive to the 
assigned value of v~ with regard to the resultant form of 
the calculated X as a function of T. In each case the form 
was the same, namely a decrease in X to a minimum at 
T~308K followed by an increase in Z at higher 
temperatures. The curve is thus an inverted form of the 
plot of Q versus T in Figure 3. 

For the hydrogel, therefore, there is maximum swelling 
and minimum X at a certain temperature, which in this 
case is 308 K. The maximum chain expansion of the linear 
polymer (Figure 1A) must correspond with a minimum 
in Z. Hence, there is corroboration with earlier findings 
in which X was changed according to the swelling 
medium 2'4 rather than temperature, and a good parallel 
exists between the behaviour of the swollen gel and that 
of dissolved linear polymer. The fact, that the tempera- 
ture of maximum chain expansion (298 K) and maximum 
swelling (308 K) do not coincide is perfectly reasonable, 
because the latter is affected by the level of crosslinking. 
In this connection we note that similar experiments on 
a PMAM hydrogel prepared at a higher [crosslinker]/ 
[monomer] ratio yielded a curve of a similar form to 
that in Figure 3 but with lower values of Q and a 
maximum at 288 K. 

Effect of heating on linear and crosslinked P M A M  
Heating a sample of linear PMAM at 353 K for > ,-~ 1 h 

or at 333 K for > ~ 6 h produced materials which could 
not be redissolved in water. Similarly, when a swollen 
hydrogel was subjected to drying by heating at 
> ~333 K, the resultant dry xerogel exhibited a zero 
degree of swelling in water. Both of these observations 
are indicative of a form of crosslinking introduced at high 
temperature. The nucleophilicity of the oxygen atom of 
the hydroxyl group tends to induce a displacement 

reaction eliminating formaldehyde: 

. . . .  CH2- -CH . . . . . .  C H 2 - - C H - - - -  

I I 
C---O ,- C ' - -O + HCHO 

I I 
HN--CH2OH NH2 

On this basis crosslinking in the polymer can occur 
by interaction between original methylol groups and the 
amide groups produced in the displacement process 25. 

- - - - C H 2 - - C H  . . . . . .  C H 2 - - C H - - - -  

I I 
C ~ O  + C-- 'O 

I I 
HN--CH2OH NH2 

CH2--CH . . . . . .  C H 2 - - C H - - ' -  

I I 
C---O C-- 'O + H20 

I I 
HN CH 2 NH 

To confirm this mechanism a sample of linear PMAM 
was heated strongly in a small bent tube and the gas 
evolved was absorbed directly into a smaller receiver 
containing 1 ml methanol. Freshly prepared Brady's 
reagent was then added to the methanol and the mixture 
was boiled for 1 min and left to cool. The appearance 
of a yellow precipitate confirmed the presence of 
formaldehyde 26. 

Further examination of the temperature induced 
crosslinking was made by Fourier transform infra-red 
spectroscopy on the following samples: (a) linear 
PMAM; (b) linear PMAM slightly heated (2 h at 323 K); 
(c) linear PMAM strongly heated (2h at 363K); 
(d) hydrogel of PMAM strongly heated (2 h at 363 K). 
The corresponding spectra, which are given in Figures 
4a-d, respectively, exhibit the following main absorp- 
tion peaks 27 at the wavenumbers (v, cm -1) indicated: 
v=3409, OH stretching; v=2926, CH2 stretching; 
v=1664, C = O  stretching; v=1546, secondary amide 
deformation. We have chosen the peaks due to OH 
stretching (i.e. group at which decomposition occurs) and 
C = O stretching (as reference group at which no reaction 
occurs) to compare the relative absorbances. After taking 
the appropriate base line the ratio of absorbance (OH 
stretching)/absorbance (CO stretching) was obtained as 
1.42, 1.20, 0.97 and 0.97 for samples a--d, respectively. 

These findings indicate clearly the partial loss of OH 
groups on heating. Thus, although sample c became com- 
pletely insoluble, sample b, which had been subjected to 
a milder thermal treatment, swelled without dissolution. 
The value of the absorbance ratio for sample c was the 
same as that for the heated hydrogel, sample d, and hence 
the degrees of crosslinking are similar. However, there 
was already some deliberately introduced chemical 
crosslinking (via methylene bisacrylamide) in sample d 
and hence the heating time to induce complete lack of 
swellability in it was probably more than was actually 
necessary. Moreover, the proposed intermediate stage in 
the crosslinking is verified by the appearance of the 
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Figure 4 Infra-red absorption spectra for (a) sample a, (b) sample b, (c) sample c and (d) 
sample d. For details of thermal treatments of linear PMAM (samples a, b and c) and hydrogel 
(sample d) see text 

pr imary amide deformat ion peak at v = 1 6 2 8 c m  -1 
(Figure 4b). 

Finally it is of  interest to note recent related work  by 
Mayen  and Drou in  28, who applied somewhat  different 
theoretical concepts  in their studies on the relation 
between the swelling of  a network and [~/] of  its linear 
precursor.  A linear correlat ion between Q and I-~/] was 
predicted and was tested mainly by the use of  several 
different solvents. The correlat ion was only moderate ly  
satisfactory. Of  closer similarity to the present work  was 
their use of  temperature to effect changes in Q and [~/] 
in one liquid, which was water. The temperature range 
employed was similar to the present one. These authors  
obtained a decrease, but  not  the predicted linear one, in 
both  Q and [r/] with increase in T. This reflects the 
behaviour  of  P M A M / w a t e r  found here, but  only 
partially, since we have also noted the opposite t rend at 
lower temperatures.  

A C K N O W L E D G E M E N T  

One  of  the authors  (MAR) thanks 
government  for financial support .  

the Egypt ian 

R E F E R E N C E S  

1 Davis, T. P., Huglin, M. B. and Yip, D. C. F. Polymer 1988, 
29, 701 

2 Davis, T. P. and Huglin, M. B. Polym. Commun. 1987, 28, 217 
3 Flory, P. J. 'Principles of Polymer Chemistry', Cornell 

University Press, Ithaca, 1953, Ch. 13 
4 Davis, T. P. and l-Iuglin, M. B. Makromol. Chem., Rapid 

Commun. 1988, 9, 39 
5 Huglin, M. B., Rehab, M. M. A.-M. and Zakaria, M. B. 

Macromolecules 1986, 19, 2986 
6 Hacirci, V. N. Biomaterials 1981, 2.3 
7 Graham, N. B., Nwochuku, N. E. and Walsh, D. J. Polymer 

1982, 23, 1345 
8 Ulbrich, K. and Kope~ek, J. J. Polym. Sci., Polym. Syrup. 1979, 

66, 209 

POLYMER, 1991, Volume 32, Number 18 3 3 8 5  



Thermal behaviour of poly(N-methylol acrylamide): M. B. Hug~in and M. A. Radwan 

9 Evans, J. M., Huglin, M. B. and Stepto, R. F. T. Makromol. 
Chem. 1971, 146, 91 

10 Gregory, P., Huglin, M. B., Khorasani, M. K. H. and Sasia, 
P. M. Br. Polym. J. 1988, 20, 1 

11 Thomason, M. A. BSc Thesis University of Salford, 1984 
12 Hunt, R. H. and Nagy, D. E. US Pat. 3214420, 1965 
13 Huglin, M. B., O'Donohue, S. J. and Radwan, M. A. Eur. 

Polym. J. 1989, 25, 543 
14 Davies, H., Huglin, M. B. and O'Donohue, S. J. Polymer 1989, 

30, 1379 
15 Holmes, R. W., Huglin, M. B. and Lai, M.-K. Int. J. Biol. 

Macromol. 1979, 1, 23 
16 Cornet, C. F. and Van Ballegooijen, H. Polymer 1966, 7, 293 
17 Evans, J. M. and Huglin, M. B. Makromol. Chem. 1969,127, 141 
18 Huggins, M. L. J. Am. Chem. Soc. 1942, 64, 2716 
19 Koenig, V. L. and Perrings, J. D. Arch. Biochem. Biophys. 1952, 

36, 147 
20 Flory, P. J. and Fox, T. G. J. Am. Chem. Soc. 1951, 73, 1904 
21 Kurata, M. and Yamakawa, H. J. Chem. Phys. 1958, 29, 311 
22 Inagaki, H., Suzuki, H. andKurata, M. J. Polym. Sci. C 1966, 

15, 409 
23 Fixman, M. J. Chem. Phys. 1962, 36, 3123 
24 Stockmayer, W. H. and Fixman, M. J. Polym. Sci. C 1963,1, 137 
25 Mark, H. F., Gaylord, N. G. and Bikales, N. B. (Eds) 

'Encyclopedia of Polymer Science and Technology', Vol. 4, John 
Wiley & Sons Inc., New York, 1964, p. 372 

26 Gunstone, F. D., Sharp, J. T. and Smith, D. M. 'An Introductory 
Course in Practical Organic Chemistry', John Wiley & Sons 
Inc., New York, 1970 

27 Bellamy, L. J. 'The Infrared Spectra of Complex Molecules', 
Methuen and Co. Ltd, London, 1960 

28 Mayen, M. and Drouin, M. Eur. Polym. J. 1990, 26, 245 

3386 POLYMER, 1991, Volume 32, Number 18 


