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ABSTRACT:

The structures and properties of N-alkyl-substituted polyacrylamides (PAA) were studied by FT-IR

spectroscopy. For N-alkyl-substituted PAA with lower critical solution temperature (LCST), a specific H-bonded cyclic structure
involving alkyl amide units of a polymer and hydroxyl functions of water was observed and found responsible for polymer
solubility. The mechanism for the appearance of a LCST in aqueous solution of N-alkyl-substituted PAA is discussed and

factors of position of LCST are examined.
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Many polymers in aqueous solution show a lower
critical solution temperature (LCST). LCST in a polar
system, such as polymer-water, is accompanied by strong
dipole—dipole interactions or H-bond formation between
components.

N-alkyl-substituted polyacrylamide (PAA) is a typi-
cal example of polymers having a LCST! (Table I). So-
lutions of poly(N-isopropyl acrylamide) (PIPAA) have
been studied most thoroughly.?~7 Jehudah? concluded
that dissolution of PIPAA in water results in “disguised”
H-bonded structures, not formed when unsubstituted
PAA is dissolved. Breaking up these structures (by adding
LiCl or urea) decreases the LCST of PIPAA, but does
not affect the intrinsic viscosity of the PAA solution.
From the view point of effects of urea on polymer
solubility, PIPAA is similar to poly(methacrylic acid)
(PMACc) and poly(methacrylamide) (PMA).

However, the solubility of PIPAA in water signifi-
cantly increases when sodium dodecylsulphonate (C,,-
H,sSO,0Na) is added, due to hydrophobic bonding.
PMAc, polyacrylic acid, and PVA, unlike PAA and
PMA, which do not interact with C,,H,s;SO,ONa,
show similar behavior.?

The formation of stable H-bonded dimers in solutions
of polycarboxylic acids® and H-bonded ‘‘polymer” in
solutions of polyalcohols® leads to the stabilization of
the trans-zigzag conformation of the main chain, re-
sulting in more complete segregation between hydro-
phobic and hydrophilic segments of a polymer. For
PAA and PMA, the formation of intramolecular H-
bonds between the amide groups of the neighboring
units'® results in twisting of the main chain wherein
the amide groups ‘“‘protect” them from the outside. In
this case, hydrophobic and hydrophilic segments of a
polymer are far from being completely segregated.

Thus, the existence of LCST in aqueous solutions of
N-alkyl-substituted PAA is associated with the ability
to form disguised H-bonded structures controlling the
solubility of a polymer and effects of hydrophobic
segments in the polymer resulting in insolubility of a
polymer upon deterioration of H-bonded structures.

t To whom correspondence should be addressed.

Not all N-alkyl-substituted PAA display LCST, al-
though all are inclined to H-bond formation (see Table
D).

The specific influence of different fragments of polymer
molecules and solvent in the formation of various
complexes and aggregates may be best examined using
spectroscopic techniques. This study used FT-IR spec-
troscopy to investigate the structures and properties
of N-alkyl-substituted PAA and their aqueous solu-
tions. Two systems with LCST [PIPAA and poly(N-
diethyl acrylamide)] and two model systems without

Table I. LCST in aqueous solutions of N-alkyl-substituted
PAA and PMA (literature data')
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Table II. Basic bands in the FT-IR-spectra of solid
samples of PAA and N-alkyl-substituted PAA, cm ™!

LCST exists

No LCST
Assignment!?
“Hot” *Cold” “Hot” *Cold”
Primary amides -NH,
v(NH,-free) 3425 3394
v(NH,-H-bond) 3365 3332
3213 3192
v,o(CH,) 2947 2937
v(C=0) Amid I 1668 1659
d(NH,) Amid II 1620 1616
Secondary amides -NHCH, -NHCH(CH;),
v(NH-trans-free) 3439 3440 3439 3439
v(NH-trans-H-bond) 3317 3312 3315 3319
3109 3096 3067 3069
v (CH,) 2990 2970
v,(CH, & CH; to N) 2947 2939 2934 2934
vw(C=0) Amid 1 1668 1643 1655 1651
1643sh
S(NH) Amid 11 1558 1545 1537 1531
CONH Amid 111 1290 1290 1267 1263
1209
Tertiary amides N(CH;), N(C,Hy),
vas(CH3) 2991 2974
v,o(CH, & CH; to N) 2930 2926 2937 2935
v(C=0) Amid 1 1645sh 1641 1652 1641sh
1636 1635
H,0* 3547 3533 3560 3543
3481 3487 3483 3503
3268 3267 3261 3258

*For primary and secondary amides, bands due to water are hidden
by stretching vibrations of NH, and NH groups.

LCST [poly(N-methyl acrylamide) and poly(N-dimethyl
acrylamide)] were studied.

EXPERIMENTAL

PAA and N-alkyl-substituted PAA were synthesized
using a modified procedure described in ref 11.

FT-IR spectra were recorded with an IFS-113v
(Bruker) spectrometer. Solid polymer samples were pre-
pared by casting from 2% aqueous solutions of the
corresponding polymers followed by thermal treatment
as shown on the Figure 1. A 5 um thick and thermostated
50 um thick CaF, IR-cell were used for investigating
aqueous solutions of N-alkyl-substituted PAA.

RESULTS

Analysis of the FT-IR spectra of “Cold” and “Hot”
solid samples of PAA and N-alkyl-substituted PAA (see
Table IT), as well as of substraction spectra, revealed that
amide groups are actively involved in H-bond formation.
Changes in the spectra of “Hot” and “Cold” samples of
polymers with and without LCST differed.

In LCST polymers v,(CHj;) shifts from 2990 to
2970cm ™. A significant shift (by 20cm ™) of the band
due to valence vibrations of CH; group appears to be a
feature of principal interest. Taking into account that
in the “Cold” sample the intensity of the band con-
comitantly decreases, due to decreased polarization of
the bond,'? one finds strong reasons to assume the
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existence in the “Cold” samples of the structure with
“disguised” H-bond of the type,

CH; CH,
/

\/\QH A
o/\}m)

H CH>

The formation of such a six-membered ring should
stabilize the enolic form of the amide group and decrease
the hydrophobicity of the alkyl radical.

For N-ethyl acetamide, as a model structure, we
performed complete optimization of the geometry of all
plausible conformers
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using Hartree-Fock (SCF) formalism in AM1 approx-
imation.

Structure 1 is by 7.79kJ mol~! more favorable than
structure 2. The energy of structure 3 was close to that
of 1. According FT-IR data (Table II) secondary amides
exist only in the trans-conformation.

In structure 1, the CH; group, inclined at an angle of
30° with respect to the plane of the ring is incapable of
forming a H-bond. However, the bonds are strongly
polarized, giving rise to electrostatic interactions between
C=0 and CHj; groups.

These results coincide with quantum chemical com-
putations carried out for r-butyl acetate'® for which
it was demonstrated that, when the CH; group ap-
proaches the C=0 group (rotation by 30° around the
C-O bond), the O---H bond index increases twofold
reaching the level of a common H-bond. These H-bonds
are not stable because they are present in a non-
equilibrium molecular structure.

Taking into account that the solid sample contains
solvating water, a somewhat different structure may exist:

Ly

AN

[
e/

At

4

H

For this model structure we also performed complete
optimization of the geometry. As demonstrated by
quantum chemical computations, this is an optimal
structure. Although the CH; group is inclined at an angle
of 30°, this structure involves two H-bonds: C=0-" - -
H-O and H-O" - - H-C with the bond indexes of —0.1618
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Figure 1. Preparation (A) and temperature treatment (B) polymer
solid samples for FT-IR.
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Figure 2. FT-IR spectra of solid samples of non-substituted PAA:
«Hot» ( ), «Cold» (———-), “Cold” —heated (----- ) and “Hot”—
cooled (—-—-—-— ).

and —0.1103, respectively.

These results are similar to those from the X-ray
study of the cephadroxil monohydrate (C, H,,N;O,S-
H,0).!* Although the distance between the nitrogen
atom in amine and oxygen in the amide is about 0.27 nm,
no common intramolecular H-bond is formed. The atoms
N and O are linked with two H-bonds through the water
molecule:

>N-H...0-H...0=C<.

There is experimental proof of the existence of the
H-bonded cyclic structure in “Cold” samples of N-
alkyl-substituted PAA. After thermal treatment (Figure
1) of the solid sample (“Hot” or “Cold”) its FT-IR
spectrum (see, for example, Figure 2) showed bands
characteristic of the opposite sample (‘Cold” or “Hot”,
conformably) and was the superposition of the two
spectra:

“Hot”—cooled=X“Hot” + Y*“Cold”
or

“Cold” -»heated = X““Cold” + Y*‘Hot™.

Hence the coefficient X is the relative quota of the ini-
tial structure intact in the solid sample after treatment
(Table III). As evident from Table III after cooling the
“Hot” samples, their structures were partly transformed,
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Table III. Relative quota of the intact initial structure of
polymer after treatment of “Hot™ and ““Cold” samples
of N-alkyl-substituted PAA (coefficients (X +0.02)
of FT-IR-spectra subtraction in
4000—400cm ! range)

(“Hot” —cooled)-X"“Hot™ or (**Cold”’ —heated)-X*Cold”

No LCST

Sample -NH, -NHCH, N(CH,),
“Hot" —cooled 0.28 0.29 0.44
*“Cold™ —heated 0.39 0.46 0.46

LCST exists

Sample -NHCH(CH,), -N(C,Hj),
“Hot” —cooled 0.71 0.66
“Cold” —>heated 0.94 0.90

Table IV. Relative thickness, d-.c,q-/d-por~ (£0.05),
of solid samples of N-alkyl-substituted PAA,
determined from heat-treatment mediated
IR-transparency variation (each sample)

No LCST

Sample -NH, -NHCH,; -N(CH,),
“Hot”—cooled 0.57 0.37 0.91
“Cold” —heated 0.64 0.48 0.87

LCST exists

Sample -NHCH(CH,), -N(C,Hjy),
““Hot” —cooled 1.59 1.21
*“Cold” > heated 1.67 1.20

whereas heating the “Cold” sample caust the opposite
visible effect only in polymers without LCST (Table III,
Figure 2).

After thermal treatment of the all solid samples IR-
transparency changed. For solid samples this may be
related only to sample thickness. Therefore, one can
assess the temperature-induced variation of sample
thickness (with an account for partial recovery—Table
III). The data summarized in Table IV reveal that
polymers without LCST behave as common solid bodies;
that is, they expand on heating, and contract on cooling.
The situation is different with polymers showing LCST:
“Cold” samples become looser. This is related to the
formation, at low temperatures, of stable H-bonded
structures preventing dense packing. In the case under
consideration the loose structure is most likely associated
with specific H-bonded structure 4 rather than with the
system of amide H-bonds present in all polymers of this
type.

Apparently, the specific H-bonded structure 4 prevails
in “Cold” samples prepared from homogeneous aqueous
solutions.

For this reason the FT-IR spectra of aqueous solutions
of polymers with LCST were studied in detail. But FT-
IR spectra of water (bi-distillate, pH="7.00+0.03) were
studied for comparison (Figure 3). FT-IR spectra for
thin and thick water layers are different. Since the
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Figure 3. FT-IR spectra of water (A, C) measured at 15°C (—),
25°C (----),and 35°C (- - — - — - — ) in 50 um (A) and 5 um (C) thick cells
and Raman spectra (data of ref 19) of water (B) and saturated NaCl
aqueous solution (D) measured at 27°C (———-) and 77°C (------ ) in
100 pm thick cell.

structure of water significantly changes on water contact
with other molecules. This change affects many other
water molecules which have no such contact (second
hydrate layer).!> Thus, the thinner the layer between
solid windows the higher is the concentration of water
molecules with structures different from those in water
bulk.

The FT-IR spectrum for thin water layer (Figure 3) is
similar to the published IR-spectra.'®~!° As concerns
the thick water layers IR-spectra and discussion of the
vou region, they are usually omitted in the literature.

Since water is a strongly associated liquid, Raman- and
IR-spectra coincide because of the breakdown of vibra-
tional selection.

In Figure 3, IR-spectra for thick water layer obtained
are similar to known Raman-spectra for thick water layer
(with sample thickness not less than 100 um),2° while the
FT-IR spectra for thin layer are similar with publish-
ed Raman-spectra for thick layers of saturated salt so-
lutions, in which there is practically no pure water.
The temperature dependence of the water FT-IR spectra
and published Raman-spectra (Figure 3) corroborates
the correctness of our data. The lower the temperature
the stronger are H-bonds and the more is O-H band
polarization and as a result the more the vqy intensity.

IR-spectrum in the voy region cannot be presented by
only one single band due to the rather heterogeneous
structure of water.!”"8 Indeed, even in thin water layer
spectra one can notice fine distinct structures of the
voy-band consisting of at least three components:
3210cm ™ !'—the ice-like structure constructions; 3450
cm~!—the twisted ice-like structure constructions;
3620 cm ™ '—slightly H-bonded water molecules in the
spare volume of the ice-like structure construction.?®
The temperature dependence of the water FT-IR and
Raman-spectra (Figure 3) is in accordance with this
assignment.

The FT-IR spectra for thick layers of 1 wt% aqueous
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Figure 4. FT-IR spectra of 1wt% (A) and 15wt% (B) aqueous
solutions of poly(N-diethyl acrylamide) measured at 15°C (——), 25°C
(-——-), and 35°C (- -—-—--) in 50 um thick cell.

solutions of polymers with LCST (for example, Figure
4 and Table V) demonstrate that below LCST there are
new bands in the region 1500—1000cm ! of the FT-IR
spectra. Above LCST these bands disappear, but when
the temperture decreases these bands appear again. This
effect in FT-IR spectra for the thick layers of 15wt%
aqueous solutions (heterogeneous gel like) of polymers
is considerably less (Figure 4) and in FT-IR spectra for
thin aqueous solutions layers is absent.

The polymer bands in the FT-IR spectra of 1wt%
aqueous solutions of polymer are not seen, because their
intensity is much less than the water band intensity.
Hence the observed phenomenon is based on temperature
changes of structures of large water clusters. Liquid water
is characterized by several structural changes at 15, 30,
45, and 60°C,%! but these changes are not manifest in
FT-IR spectra so distinctly (Figure 3).

Analysis of FT-IR spectra shows that at low tem-
perature homogeneous solutions contain a lot of
OH~(H,0), and H;0"(H,0),, ions (about 15mol%),
practically absent in pure water. IR spectra of these
ions!%:22725 (Table V) are much more intense than the
spectra of the dissolved polymer and pure water (Figure
3). Assignments of such bands in the IR-spectra of the
HCI and the KOH aqueous solutions contained H,O*
and OH ™ ions hydrates are discussed in detail.*®

Thus, in a system comprising a nonionogenic polymer
and water, ionic fragments appear, indicating polymer-
induced dissociation of water and binding the OH ™ and
H;0" ions by a polymer with H-bonds (Table V). Ion
fragments of water are inserted into the macromolecular
structure and polymer dissolution increases. H-bonds
between ion fragments of water and polymer are strength-
ened with decreasing temperature and are weaker-in-
creasing temperature, leading to ion water structure
disappearance (Figure 4). The ion water structure con-
sists of many water molecules, from which only two
molecules are connected with a polymer directly.

Polym. J., Vol. 31, No. 1, 1999
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Table V. Frequencies of main bands in FT-IR spectra of aqueo

us solution of poly(N-diethyl acrylamide) and water, cm™!

Solution of
. ly(N-diethyl H
Assignment ch);(ylamliede)y 777«_}9 H,0* H,0"-ClO,~ OH~ Mt-OH?
ref 12 and 22 ref 16, 23,and 24 ref 22 and 25 ref 16 and 22 ref 22 and 23
15°C 23°C 15°C 23°C
v(OH) 3707 3703 3700—3500 3700—3680
3650—  3600—
3000 2900
3037 3063 3500—3000 3390—2960
Overtone 2151 2154
2133 2127 2120
5(OH) 1720 1700
1690 1690
1600 1590
1460 1470—1400
1440
1145 1150
1064 1060

2In complexes with metals with OH present in the tetrahedral structure

1
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Figure 5. Temperature dependence of IR-transparency (amplitude of
IR-light signals at 4000—400cm ™ ') of the 1 wt% aqueous solution of

poly(N-diethyl acrylamide) (A) and water (B).

This is illustrated as follows:
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At room temperature the pH aqueous solutions of
PIPAA and poly(N-diethyl acrylamide) are 7.5+ 0.03 and
6.8 +0.03, whereas those of aqueous solutions of N-alkyl
substituted PAA without LCST and pure water are
7.04+0.03. Analogous results have been obtained?®°
for the pH of water in inverted mycelles. pH is inde-
pendent of mycelles size but depends on the nature of the
functional groups that contact water.

In structure 5, the OH ™ anion is bound more strongly
to the tertiary amide, because the enolic form of the
tertiary amide is the most stable.>® H-Binding between
H,0" cation and the nitrogen atom of the secondary
amide is stronger than in the tertiary amide.

By varying the temperature one brings about changes

5 6

Polym. J., Vol. 31, No. I, 1999

Figure 6. Scheme of micro and macro conformation equilibriums: o,
the cyclic H-bonded structure (5) of the lateral fragments; |, the structure
(6) of the lateral fragments.

in IR-transparency (amplitude of the IR-light signal at
4000—400cm ') of aqueous solutions of polymers
with LCST. The IR-transparency of aqueous solutions of
polymers without LCST, as well as of pure water is not
subject to variation. Obvious changes are completely
reversible. As shown in Figure 5, the IR-transparency
of aqueous solutions of polymers with LCST linearly
decreases as temperature increases. At temperatures close
to LCST these solutions clear up due to macromolecular
contraction (Figure 6).

DISCUSSION

Therefore, in solutions of polymers having LCST,
there exists probably an equilibrium between at least
two conformational structures of lateral fragments of
the polymer, one of which (5) controls the solubility of
the polymer and the other (6) determines phase separa-
tion.

At room temperature (or lower), conformation
equilibrium shifts towards cyclic structure 5. H;OF
cations may interact with nitrogen atoms of neighbor-
ing lateral fragments of the polymer, thus stabilizing the
ring structure.’® In this case, water is involved in the
formation of the structure 5 and by forming a well
organized structure around an alkyl radical,®?” water
induces polarization, stabilizing the positive charge at its
surface and thus enabling electrostatic interactions with
the C=0 group of the amide, resulting in increased
stability of H-bound cyclic structures.
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Hence, along the entire chain length, lateral fragments
are involved into hydrogen bonding and electrostatic
interactions, causing the polymer chain to extend. On
dissolution, the polymer coil becomes less dense, as
confirmed by increased thickness of the “Cold” solid
sample (Table IV).

With increase in temperature, H-bonded structures
deteriorate, resulting in marked increase of polymer
hydrophobicity associated with more perfect separation
of the hydrophobic and hydrophilic fragments of a
polymer. With increase in temperature, hydrophobic
interactions increase.?’

Effective separation of hydrophobic and hydrophilic
fragments of the molecule is more important for de-
creasing LCST than the incorporation of additional
hydrophobic fragments. For N-alkyl substituted PMA,
LCST is higher than for N-alkyl substituted PAA!
because of levelling off of hydrophobic—hydrophilic
separation.

One can easily explain the effects of structure of alkyl
radical in N-alkyl substituted PAA on the magnitude
of LCST (Table I). Increase in the length of the alkyl
radical for more than two carbon atoms, its branching,
and introduction of two substituents result in the destabi-
lization of the H-bonded cyclic structure 5 due to thermal
motion; consequently, LCST goes down.?

Particularly important is that the deterioration of the
H-bonded structures 5 («hydrophilic» fragment) and
transformation into structures 6 («hydrophobic» frag-
ment) result in gradual aggregation and accumulation of
hydrophobic lateral fragments around the chain. At
certain concentration of the hydrophobic lateral frag-
ments on the chain, the polymer coil drastically changes
conformation (contracts).®! Hence, phase separation at
the critical temperature is preceded by the accumulation
of «hydrophobic» fragments. Structures 5 transforma-
tion into structures 6 after phase separation takes place
(Figure 6).

Thus, the presence of hydrophobic and hydrophilic
segments in the structure of a polymer is necessary, but
not sufficient for the polymer in aqueous solution to show
LCST. Copolymers of acrylamide with N-octyl acryl-
amide have no LCST in spite of hydrophilic-hydrophobic
balance in the macromolecule. If such a copolymer
contains less than 13 mol% N-octyl acrylamide fragments
it is soluble in water at any temperature. But if such a
copolymer contains more than 13mol% of N-octyl
acrylamide fragments it is not soluble in water.

Therefore, any copolymer may have LCST if at least
one component forms a homopolymer with LCST (for
example, N-isopropyl acrylamide or N-diethyl acryl-
amide). In this case the copolymerization of such a
monomer with hydrophilic or hydrophobic comonomers
leads to LCST increase3? or decrease.??

If in a copolymer the hydrophilic fragment, for ex-
ample acrylic acid, interacts with a base fragment and
as result destabilizes its cyclic H-bonded structure with
water (5) the effect of the copolymerization with such
hydrophilic comonomers is not evident.3*

CONCLUSIONS

Two competitive equilibrium processes are the base of
26

LCST—the H-bonded cyclic structure formation (de-
creases the concentration of the «hydrophobic» lateral
fragments) and hydrophobic interactions (changes the
macromolecular conformation). The first is independent
of the second. But the second depends on the first because
macromolecule abruptly changes conformation only
when hydrophobic lateral fragment concentration is
critical.
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