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Conformational Characteristics of Poly(viny1 alcohol)+ 
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ABSTRACT Conformational energies of meso- and rac-2,lt.pentanediol were estimated, once without account 
for electrostatic interactions or hydrogen bonds and then with two different electrostatic podels for the hydroxyl 
groups. For the dimer as well as for poly(viny1 alcohol) in aqueous solution, a simple three-state rotational 
isomeric state model was found. Vicinal NMR coupling constants for the dimer and the characteristic ratio 
for PVA were computed; they are in excellent agreement with experimental data. In aprotic solutions of the 
dimer intramolecular hydrogen bond formation is postulated, with an associated free energy of ca. 1 kcal/mol 
at room temperature. 

Introduction 
Poly(viny1 alcohol), PVA, is a vinyl polymer of simple 

structure with a wide range of applications. Commonly 
used PVA is atactic and usually obtained by radical po- 
lymerization of vinyl acetate with subsequent hydrolysis 
of the side groups.' Predominantly isotactic as well as 
syndiotactic chains can be obtained by a variety of meth- 

Attempts to characterize atactic PVA in aqueous solu- 
tion have been many;"* results do not mutually agree very 
well, however, as will be discussed later. Reliable values 
for the characteristic ratio of PVA in solution can never- 
theless be deduced.l5J6 Heretofore, no satisfactory theory 
for its conformational characteristics has been presented. 

2,bPentanediol has often been used as a model com- 
pound for PVA.'7-20 The conformational analysis of 2,4- 
pentanediol has been performed mainly by NMR spec- 
troscopy, and experimental coupling constants have been 
determined in water as well as in apolar, aprotic sol- 
vent~."-'~ In the following, a rotational isomeric state 
model for PVA in water will be deduced from conforma- 
tional energy calculations on 2,4-pentanediol. The inci- 
dence of intramolecular hydrogen bonds in 2,4-pentanediol 
and PVA will be discussed in detail. 

Conformational Energies 
Parameters for the Calculation. The conformational 

energy was calculated as the sum of intrinsic torsional 

o d ~ . ~ $ ~  

',Dedicated to Professor Walter H. Stockmayer on his 70th 
birthday. 
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Table I 
Parameters Used in Energy Calculations 

atom or group rio,(l A ai ,b  A' NiC 

H 1.3 0.42 0.9 
C 1.8 0.93 5 
0 1.6 0.59 7 
CH, 2.0 1.77 7 

a Values from ref 44, incremented by t 0.1 A .  See 
ref 29. See ref 27. 

energy and interaction energies between pairs of non- 
bonded atoms. 

The C 4  bonds were assigned a 3-fold intrinsic torsional 
energy function with a barrier EikM = 2.8 kcal/mol?' The 
barrier for the rotation of C-0 bonds was derived from 
experimental data on methanol:22 A 3-fold, composite 
rotational barrier of 1.07 kcal/mol has been reported for 
methanol, and subtraction of van der Waals interactions 
(between the hydroxyl hydrogen and the methyl hydro- 
gens) yields a barrier of Eit,c-o = 0.76 kcal/mol for the 
3-fold intrinsic torsional energy function. The reliability 
of this value was checked by rotational energy calculations 
for the C-0 bond in ethanol: The rotational barrier be- 
tween antiperiplanar and synclinal conformations is es- 
timated to be 1.13 kcal/mol and is in good agreement with 
the reported mean experimental value of 1.2 kcal/m01.~~ 

Nonbonded interactions between atoms separated by 
more than two bonds were estimated as described be- 

using a spliced, three-piece pair energy function26 
based on the Lennard-Jones function f,J(d,J) = (a , /d , , '*)  
- (qJ/d,;), d ,  being the distance between a pair of atoms 

0 1984 American Chemical Society 
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Table I1 
Geometrical Parameters 

Macromolecules, Vol. 17, No. 4 ,  1984 

ii 
bond bond length, A 

c-c 1.53 
c-0 1.43 
C-H 1.10 
0 - H  0.95 
O-XQ 0.75, 

bond angle 

on secondary C c-c-c 
C-C-H 
H-C-H 

on tertiary C c-c-c 
C-C-H 
c-c-0 
H-C-0 

on  0 C-0-H 
C-0-XQ 
H-0-Xa 

angle, deg 

114 
108.5 
108.5 
112.3 
107 
111 
108.3 
108.5 
109.7 
109.7 

X is a “pseudoatom” representing the lone-pair 
electron couple on the oxygen. 

i and j. The parameters a, and c, were evaluatedn?* from 
data for the polarizibility a, the effective number of 
electrons N,,  and the adjusted van der Waals radius r: 
given in Table I (methyl groups in 2,4-pentanediol were 
treated as a single spherical group of atoms). Coulombic 
interactions (in kcal/mol) were calculated according to Ed 
= (3326,6,)/(d,c), with 6, and 6, being the partial charges 
(in elementary charge units) of two atoms i and j separated 
by a distance d ,  (in A); E is the dielectric constant of the 
medium and was taken as 3.5 for an apolar, aprotic en- 
vironment. 

The calculations did not include a specific function to 
evaluate “hydrogen bonds”. Initially, it was assumed that 
Coulombic interactions would suffice to define energy 
contributions ascribed to hydrogen bonding. The charge 
distribution on the oxygen was dealt with in two different 
approaches. First, following an idea of Jorgensen,30 the 
partial charge on oxygen was equally distributed onto two 
pseudoatoms, X, representing the two lone-pair electron 
couples, the oxygen atom itself being taken as neutral. 
Figure 2 displays the geometry of this special represent- 
ation of a hydroxyl group. The magnitudes of the partial 
charges on X, C, and H are -0.237, +0.217, and +0.257 
elementary charges, respectively. These values were ob- 
tained from the experimental values on magnitude and 
orientation of the dipole moment in 2-propan01.~~ The 
pseudoatoms enter only into Coulombic energy calcula- 
tions; the Lennard-Jones parameters a and c were set to 
zero for interactions involving at least one pseudoatom. 
In the second approach the pseudoatoms were eliminated 
and their combined partial charges assigned to the oxygen 
atom. 

Conformational Energies of the  “Dimer”. All in- 
teratomic interactions in 2,4-pentanediol were calculated 
with the geometric parameters given in Table 11. Bond 
lengths and bond angles were kept a t  fixed values. These 
parameters were taken from literature data on the struc- 
ture of the model compounds methanol,22 ethanol,32 and 
2-propan01.~~ Figure 1 represents a molecule of 2,4-pen- 
tanediol with all torsion angles set to zero, i.e., with an 
all-trans conformation for the carbon-carbon backbone 
and the hydroxyl hydrogens of the side chains being trans 
with respect to the methine hydrogen. Main-chain torsion 
angles, and (bz, are measured in the right-handed or 
left-handed sense, depending on the stereochemical 
character of the diad, in accordance with usage for vinyl 
polymers.34 The side-chain torsion angles, x1 and x z ,  are 

Figure 1. meso-2,4-Pentanediol in the conformation with all 
torsion angles set to zero. 

6.+0 2 5 7  

6=-0 237- 
6=-0.231 

Figure 2. Fragment of 2,4-pentanediol (shown in Figure 1) 
indicating the placement of ’pseudoatoms” (representing lone-pair 
electrons) and partial charges. 

positive when the three adjoining bonds H-0, 0-C, and 
C-H form a left-handed helical path. 

For the purpose of an initial assessment of the confor- 
mational characteristics of the dimers, conformational 
energy maps were computed. 

The conformational energy was calculated as a function 
of and 42 for ‘every 10’ in the interval from -180’ to 
+180°. For each pair (41,42) side-chain rotation angles x1 
and x 2  were chosen that minimize the total energy. The 
minimization was performed with a quasi-Newton me- 
t h ~ d . ~ ~  In order to increase the probability that the global 
minimum with respect to x1 and xz  was reached, rather 
than a local one, the calculations were repeated four times 
with different starting values for x1 and xz ,  namely, (O,O), 
(120’,120’), (120’,0), and (-l2Oo,0). The lowest energy of 
the four results was then chosen as the final value used 
in energy map contouring. 

Plots a and b of Figure 3 show the energy contour maps 
for the meso and the racemic forms of 2,4-pentanediol 
without Coulombic interactions. Plots a and b of Figure 
4 display the same maps, but including Coulombic inter- 
actions with the partial charges located on pseudoatoms 
according to Figure 2. Energies are given in kcal/mol 
relative to the respective minima in the racemic-ltt( do- 
main. 

The energy maps show that all combinations of stag- 
gered conformations are of low energy, the minima oc- 
curring almost in the exactly staggered positions. A lggl 
domain under 5 kcal/mol is unusual for vinyl polymers and 
is due to the small radius of OH compared to common 
substituents in vinyl polymers. 

When coulombic interactions are not included (Figure 
3a,b), the maps for the racemic and the meso isomer are 
quite similar. The cols between Itti, ltgl, and (ggl do not 
exceed 5 kcal/mol. Similarly, ltgl and lggl are connected 
by a col of less than 5 kcal/mol. When Coulombic inter- 
actions are included with the partial charges on the 
pseudoatoms X, the conformational energies change sig- 
nificantly for the racemic diad. The energy with respect 
to Jttl increases by at least 0.5 kcal/mol for all conforma- 
tions, except for Iggl. For the meso diad, however, the 
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Figure 3. Energy contour maps and side-group torsion angle maps for meso- and rac-2,4-pentanediol, calculated without Coulombic 
interactions. Plots a and c correspond to the meso structure, and plots b and d to the racemic structure. Energy contours (in plots 
a and b) are in kcal/mol relative to the racemic-lttl energy minimum. In the side-group torsion angle maps ( (c )  and (d)), dotted areas 
denote -30' 5 x1 5 +30°, hatched areas +90° 5 x1 5 +EO0, and blank areas -150' 5 x1 5 -90'. Ranges for xz are obtained for the 
meso diad (plot c) according to X ~ ( C # Q , ~ ! J ~ )  = - X ~ ( @ ~ + # J ~ ) ,  and for the racemic diad (plot d) according to xz(dl,@z) = X ~ ( ~ ~ , $ Q ) .  

changes in the domains of lowest energy (Ittl, Itgl, Itgl, and 
Igg(, as well as their mirror images) are insignificant. The 
remaining domains increase in energy similarly to the ones 
in the racemic diad. 

The values for the side-group rotation angle x1 required 
to minimize the conformational energy for given $1 and 
42 are also shown in Figures 3 and 4. These maps are 
placed directly underneath the corresponding contour 
maps. For convenience and legibility only regions with 
conformational energies of less than 5 kcal/mol are re- 
produced, and the total range of possible x1 values was 
subdivided into three intervals: [-30° I x1 I +30'] is 
represented by dotted areas, [+goo I x1 5 +150°] by 
hatched areas, and [-150' I x1 I -go0] by blank areas. 
In rare circumstances, usually outside the regions depicted 
in these maps, values for x1 were found to fall slightly 
outside the intervals above. The maps show the torsion 

angle of the first hydroxyl group, xl, only, but molecular 
symmetry indicates how the torsion angle of the second 
hydroxyl group, xz, can be obtained from the same maps: 
For the racemic diad = X ~ ( ~ ~ , I $ ~ ) ,  and for the meso 
diad x2(41,42) = -xl(@&q). The angle maps for the racemic 
diads (Figures 3d and 4d) should be perfectly symmetric; 
the apparent lack of symmetry in some regions of the maps 
indicates that two side-group orientations exist there for 
which the diad energy is equal. 

Rotational Isomeric States 
Assessment of Rotational States. Areas were de- 

marcated in the energy maps such that their boundaries 
enclosed all points in a single trough, the conformational 
energy in the areas being not more than 5 kcal/mol (an 
exception was made for the lggl domains of the meso form, 
where two distinct minima were assigned to the same area; 
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Figure 4. Energy contour maps and side-group tomion angle maps for meso- and rac-2,4-pentanediol, calculated by including Coulombic 
interactions with partial charges located on the pseudoatoms according to Figure 2 (Jorgensen's model). See legend to Figure 3. 

this is justified by the high energy of the 1881 domain). 
The local partition function, zp the average energy ( E ) p  

and the average rotation angles, (&){ (k = 1,2) for each 
conformational state r were calculated at  300 K according 
to 

k = l , 2  

Numerical integrations were performed on a 4-dimen- 
sional grid with a step size of 1 5 O ,  for each of the two 
main-chain rotation angles and the two side-chain rotation 

angles, using Simpson's 1/3 rule. 
The results of these integrations are given in Table 111. 

All energies are relative to (E)tt,racemic. The factor a is 
defined by 

zy = q exp[-(E)r/RT] (2) 

and measures the effective size of a domain with respect 
to racemic-lttl; it includes contributions from the relative 
torsional freedom of the side chains. In the case of the lggl 
states (racemic and meso), for instance, the two hydroxyl 
groups can rotate freely and a is relatively high. Very low 
cy-values are found in lggl states. This is due to the fact 
that these states have a small effective size in @1 and 49 
and that both hydroxyl groups are close to each other or 
to a methyl group, their rotational freedom being re- 
stricted. Columns labeled "I" in Table I11 represent the 
values obtained from conformational energy calculations 
without Coulombic interactions. In columns labeled "11" 
and "111" are the results obtained from calculations in- 
cluding Coulombic interactions, with the partial charges 
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Table I11 
Conformational Averages for 2,4-Pentanediol a t  300 K 

2 ( E )  01 (@,), ( $ 2 )  

state Ia I1 " 111 " I I1 I11 I I1 I11 I I1 I11 

t t  0.4380 0.1785 0.2115 0.43 0.84 0.96 0.9 0.7 1.1 8 ,  8 9, 9 8, 8 
tg 0.4489 0.2967 0.3651 0.36 0.64 0.51 0.8 0.9 0.9 3, 113 2,113 3, 113 

gg 0.0160 0.0046 0.0080 2.43 3.36 2.91 0.9 1.3 1.1 103, 103 103, 103 103, 103 

Meso 

tF 0.0994 0.0909 0.0957 1.04 1.13 1.08 0.6 0.6 0.6 6, -107 7, -106 9, -108 

g2 0.0338 0.0203 0.0287 1.63 2.10 1.80 0.5 0.7 0.6 111,-119 110, -118 108,-116 
gg 0.0023 0.0002 0.0008 3.03 4.42 3.70 0.4 0.3 0.4 -108,-108 -109,-109 -108,-108 -- 

Racemic 
t t  1.0000 1.0000 1.0000 0.00 0.00 0.00 1.0 1.0 1.0 3, 3 1, 1 2, 2 
tg 0.1255 0.0738 0.1020 1.13 1.49 1.30 0.8 0.9 0.9 9,107 6,105 8,106 a 0.2599 0.0729 0.0861 0.30 0.86 1.11 0.4 0.3 0.6 4, - 116 9, -114 7, -115 

gg 0.0089 0.0066 0.0095 2.51 2.80 2.47 0.6 0.7 0.6 101, -107 101, -106 102,-105 
gg 0.0049 0.0021 0.0034 2.47 2.75 2.76 0.3 0.2 0.4 -118,-116 -115, -115 -110,-11O 

gg 0.1762 0.0385 0.0676 0.84 2.01 1.57 0.7 1.1 1.0 113, 113 115, 115 115, 115 

-- 

a I: no Coulombic interactions. 11: Coulombic Interactions included; negative partial charges on the "pseudoatoms" X. 
111: Coulombic interactions included; negative partial charges on 0. 

on the pseudoatoms X (11) or on the oxygen (111). A 
comparison of columns I1 and I11 shows that the two 
schemes yield very similar results. Surprisingly, the 
backbone rotation angles characterizing the conformational 
states are nearly identical in all three cases. Rotational 
isomeric state angles were assigned by averaging corre- 
sponding values in Table 111, weighted with the appro- 
priate z value. We obtain ($J~) = 5 O ,  ($g) = llOo and 
= -115O, accurate to approximately 3'. 

Statistical Weight Matrices and Conformational 
Parameters. A diad of PVA can assume the nine stag- 
gered conformations. This suggests that the general sta- 
tistical weight matrices of order three34 might be appro- 
priate. The success of these matrices, discussed below, in 
reproducing the values for zf and ( E ) ,  from Table I11 
confirms this conjecture. We take 

T W '  T 2 W W l '  1 (3) 

q2w" r )  

U", = W 

U",= T W '  1 [r; q T W "  T W  q W '  T Z W ' 2  :-1 
where rows and columns are indexed in the order: t, g, 
g.34936 These matrices include all first-order interactions 
as well as intradiad second-order interactions. Inspection 
of models of 2,4,6-heptanetriols indicates that the statis- 
tical weight matrix describing the second-order effects in 
interdiad interactions, U', also closely resembles the tra- 
ditional form:34 

U'= [I p a] (4) 

Repulsive interactions in the conformations glg are 
somewhat less severe, however, than in other vinyl poly- 
mers since the size of OH is smaller than even methyl. The 
proper magnitude of the second-order statistical weight 
for glg is slightly smaller than w but might be significantly 
larger than ~ e r 0 . ~ 9 ~ ~ , ~  Assuming that w here is of the same 
order of magnitude as in polyethylene (a conjecture that 
is confirmed below), we anticipate a value of ca. 0.05 at  
300 K. The element for glg in U' should therefore be less 
than ca. 0.05. Experimental calculations with this element 
set to the actual value of w show that its effect on the 

Table IV 
Conformational Energy Parameters from 

Energy Calculations" 
mean values used 

Et Ib  I1 I I I ~  in calculations' 

-0.39 -0.96 -0.76 
0.00 -0.27 -0.22 E, 

E T  
EW 1.83 1.81 1.56 1.73 (t0.17) 
EWf 0.85 0.79 0.84 0.82 (+0.04) 
EcA,i' 0.32 1.01 1.04 

mean values used 
[" I I1 I11 in calculations' 
- 

r ) O  1.18 0.97 1.02 1.05 (t0.13) 
7 0  0.65 0.56 0.60 0.60(i0.06) 

1.34 1.30 1.13 1.26 (t0.13) 
1.03 0.90 1.03 0.98(*0.09) 
0.87 0.68 1.05 0.88 (t0.21) 

" Energies are in kcal/mol. I: no Coulombic inter- 
actions. 11: Coulombic interactions included; partial 
charges on  the "pseudoatoms" X. 11: Coulombic inter- 
actions included; partial charges on 0. ' See text for 
explanations. 

unperturbed dimensions of PVA is insignificant when 
compared with the results obtained with a value of zero. 
The matrix U' is therefore retained in the form given in 
eq 4. 

Let E denote one of the statistical weight parameters q, 
T,... and {one of the states Ittl, Its!, ... for meso and racemic 
diads. The parameter 5 can be expressed as 

" 0, 
* a,, 
-0 

E = Eo exp[-EJRTI (5) 
Values for the E<s can be evaluated by solving the over- 

determined set of linear equations 
CEE - ( E ) (  = 0 (6) 

where the ( E ) ,  values are taken from Table III. Eo is found 
by solving the overdetermined set of linear equations 

(7) 

since zr  corresponds to the {-element in the U" matrices. 
The zf are taken from Table 111, and the values for E, are 
the solutions of the set of eq 6. The final results for E, 
and to are listed in Table IV. Columns I, 11, and 111 have 
the same meanings as in Table 111. 

Parameters describing interactions that do not involve 
proximity of charged atoms should be very similar in all 
three cases (I, 11, and 111), regardless of whether Coulombic 

Cln  to - In zf - (CE, /RT)  = 0 
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Table V 
Coupling Constants (Hz) of 2,4-Pentanediol in H,O 

interactions are included in the energy calculations or not. 
This is verified by the values in Table IV. E, and E,, are 
second-order energy parameters describing the interactions 
of two methyl groups and a methyl group with a hydroxyl 
group, respectively. Their values are indeed very similar 
for the cases I, 11, and 111. E,, E,, and especially E,,,, 
however, are sensitive to Coulombic interactions. E, and 
E, describe first-order interactions that reflect mainly the 
attraction of a positively charged C atom to a negatively 
charged 0 (or X) atom if Coulombic forces are taken into 
account. This attractive effect is quite large as witnessed 
by the decrease of both E,, and E,  when Coulombic in- 
teractions are involved. Interactions between two hydroxyl 
groups in the diad are precipitated in EW,,. Here, the in- 
clusion of Coulombic interactions has a striking effect. If 
the assumption were true that Coulombic interactions are 
sufficient to describe the attractive effect of hydrogen 
bonding, one would expect Eat, to decrease in the sequence 
I, (I1 or 111). However, the opposite occurs. The overall 
effect is not attractive, but repulsive. This fact will be 
considered later. 

The preexponential factors f o  show little sensitivity to 
the presence or absence of Coulombic interactions, indi- 
cating that the shape of the energy hypersurfaces is not 
significantly locally perturbed by the inclusion of Cou- 
lombic energy terms. 

The last column in Table IV shows the mean values for 
those parameters that were similar for cases I, 11, and 111. 
dE, and dfo are twice the standard deviations of the mean 
values. For the three energy terms E,, E,, and E, , ,  a value 
of dE, of *0.05 kcal/mol was selected. The dE, and dt0 
values are used later to estimate the error limits of all 
values calculated with E, and Eo. 
Vicinal Coupling Constants of the “Dimers” and 
Hydrogen Bonding 

Accurate experimental data on vicinal proton magnetic 
resonance coupling constants of the 2,4-pentanediols in 
water, as well as in apolar solvents, were published by 
Fujiwara et al.”J8 and DoskoEilova et al.19 The results of 
both groups are virtually identical. 

The most reliable quantities deduced from these data 
are the sum and the difference of the coupling constants 
of protons that are syn and anti in a Fischer projection39 

These quantities were estimated subject to the as- 
sumption that the vicinal coupling constants, J ,  depend 
only on the dihedral angle between the pair of protons in 
question. Numerical values for J in individual confor- 
mations can be obtained by using the Karplus function.@ 
The averages required in eq 8 can then be computed by 
averaging all conformational isomers: 

where k is syn or anti and pr is the a priori probability of 
the appropriate bond (1 or 2) to be in conformation {; { 
stands for Itti, Itgl, ... etc. The a priori probabilities were 
calculated with the statistical weight parameters obtained 
above and shown in Tabled IV. The torsion angles, on 
which the J k , r  depend, are taken from the last columns of 
Table 111. This procedure takes into account that 4t in 
lttl is different from 4t in Itgl ... etc. and gives slightly better 
agreement with experimental data than use of the average 
rotational isomeric state angles deduced before. 

The particular attractive interaction between two hy- 
droxyl groups, or between a hydroxyl group and water, is 

4J= X J =  

Meso 
calcda 8.8, t 0.3 6.9, t 0.5 1.9,  i 0.6 15.7, i 0.5 
exptlb 7.5 5.7 1.8 13.2 

Racemic 
calcda 8.2, +_ 0.3 4.2,  +_ 0.3 4.0, i 0.6 12.4, t 0.2 
exptlb 8.5 4.3 4.2 12.8 

the calculations were taken from the energy computations 
without any adjustment. 
18 and 1 9 ;  precision of the values is probably i 0.2 Hz. 

customarily described by “hydrogen bonding”. This 
“bond” is strongly angle dependent and is somewhat 
stronger than the usual van der Waals interactions. 
Sometimes a special potential function in addition to 
electrostatic effects is used to describe but other au- 
thors claim that the proper treatment of Coulombic in- 
teractions s u f f i ~ e s . ~ ~ ~ ~ *  Irrespective of this difference in 
opinion it is clear that in water or similar protic solvents 
a large number of intermolecular hydrogen bonds exist. 
The number of hydrogen bonds available to each hydroxyl 
group in the dimer (or in PVA) in aqueous solution is 
therefore probably independent of conformation. In ad- 
dition, Coulombic interactions in excess of those suppos- 
edly responsible for hydrogen bonding are attenuated by 
the high value of the dielectric constant, e. For aqueous 
solutions, therefore, it is appropriate to include only van 
der Waals energies in the nonbonded interactions. 

Statistical weight matrices for aqueous solutions were 
obtained with E,,, E,, and E,,, from the column labeled “I” 
in Table IV, Le., -0.39,0, and 0.32 kcal/mol, respectively, 
and with the remaining parameters from the last column 
of Table IV (i.e., E ,  = 1.73, E,, = 0.82, qo = 1.05, T~ = 0.6, 
wo = 1.26, wpI = 0.98, w{ = 0.88). A priori probabilities, 
pp required in eq 9, were computed, and (Jsp), (Jmti), CJ, 
and A J  were evaluated. Comparison between (“a priori”) 
calculated and experimental ~ a l u e , ~ ~ J ~  shown in Table V, 
is excellent. We conclude that in water intramolecular 
hydrogen bonds do not significantly influence the con- 
formational equilibria of the dimer. 

In aprotic solvents, in contrast to the situation in water, 
the incidence of intramolecular hydrogen bonds can sig- 
nificantly favor some conformations over others. Vicinal 
coupling constants in the dimer have been determined in 
apolar so l~ents . ’~J~  On the basis of these experimental 
data the authors have claimed that in the meso form the 
lttl conformation is strongly favored over all other con- 
formations by an intramolecular hydrogen bond between 
the two adjacent hydroxyl groups. Theoretical consider- 
ation of the conformational characteristics of the dimer 
are, of course, dependent on the way in which hydrogen 
bonds are evaluated. We chose to follow Jorgensen30 and 
to assume in a first step that proper treatment of Cou- 
lombic interactions (Figure 2) might suffice to describe the 
tendency for hydrogen bonds. This corresponds to case 
I1 in the conformational energy calculations reported 
above; the maps in Figure 4 and the column labeled “11” 
in Table IV represent this approach. Average vicinal 
coupling constants computed on this basis are in agree- 
ment with experiment except for ( Janti)meso, which is ov- 
erestimated by 5 Hz. This discrepancy far exceeds possible 
experimental error or uncertainty of calculations. 

In order to appraise the influence of the particular 
features of Jorgensen’s model we repeated all calculations 

See text for explanations. The parameters used in 

Experimental data from ref 
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Figure 5. Vicinal coupling constants in rac-2,4-pentanediol in 
aprotic solvents as a function of the free energy of OH/OH in- 
teractions. Hatched bands represent experimental data from ref 
18 and 19. Dashed lines are computed with Jorgensen’s structural 
model and solid lines with the simpler structural model; see text. 

I I I ‘ I  
1c 

I Janti 

0 0  0 5  1 0  
-RT [no” ,  kcal  mol-’ 

Figure 6. Vicinal coupling constants in meso-2,4-pentanediol 
in aprotic solvents as a function of the free energy of OH/OH 
interactions. Hatched bands represent experimental data from 
ref 18 and 19. Dashed lines are computed with Jorgensen’s 
structural model and solid lines with the simpler structural model; 
see text. 

with the structurally simpler model where the pseudoa- 
toms, X, are eliminated and their pairwise combined 
partial charge is assigned to the oxygen atoms. Results 
of these calculations are summarized in the columns la- 
beled “111” in Tables I11 and IV. Average vicinal coupling 
constants computed with these values did not differ sig- 
nificantly from those obtained with the more elaborate 
model (columns labeled “11”), and (Jmti),, differed from 
the experimental value by almost 5 Hz. 

In an effort to identify the source of this discrepancy 
in aprotic solvents a posteriori, intramolecular hydrogen 
bonds were introduced as free energy contributions to w”, 
since the effects of hydrogen bonds would most severely 
be felt by this parameter. Figures 5 and 6 display the effect 
of the free energy contribution from hydrogen bonds on 
the calculated vicinal coupling constants of the racemic 
and meso dimer, respectively. The experimental valuesl*Jg 
are represented by hatched bands, where the values in 
pyridine, chloroform, and methylene chloride are included. 
The dashed lines represent results obtained with Jorgen- 
sen’s structural model, where E, and E, are taken from the 
column labeled “11” in Table IV. Solid lines reproduce the 
results from the simpler structural model, where E,  and 
E ,  are taken from the column labeled “111” in Table IV. 
The predictions made with the values for Eutt from Table 
IV lie a t  the right-most limit of the figures (-RT In w” = 
ca. 1.1 kcal/mol). 

The effects of a change in w” on the coupling constants 
in the racemic dimer are marginal, and the agreement 
between calculated and experimental values is always 
satisfactory. (J ) for the meso dimer likewise is almost 
independent of“?’ and in close agreement with the ex- 
perimental value, but ( Jmti) is strongly affected by w”. A 
free energy change associated with a hydrogen bond of 
A(RT In a”) = ca. -1 kcal/mol suffices to bring calculated 
and experimental values into agreement. The value of ca. 
-1 kcal/mol thus assigned to the free energy associated 
with a hydrogen bond agrees in order of magnitude with 
other experimental evidence.43 

Unperturbed Dimensions of PVA 
Investigations of aqueous solutions of atactic PVA have 

been many; the results of vis~osimetry4-’~ in combination 
with molecular weight averages obtained by light scat- 
tering78 ultracentrifugation,6J1 and vapor pressure os- 
mometry4i5 allowed estimations of the unperturbed di- 
mensions. Experimental data from different sources differ 
substantially, however. Possible sources of this lack of 
agreement are the differences in the structure of the 
polymer samples investigated, i.e., the degree of hydrolysis, 
tacticity, branching: molecular weight distribution,12 and 
problems due to aggregation, even at  high dilution (ref 1 
and 12 and references therein), possibly compounded by 
the fact that experimental work in water seems to be un- 
usually difficult. 

Water is not a 0-solvent for PVA. The reported value 
for the exponent in the Mark-Houwink-Sakurada equa- 
tion is in the range 0.6-0.755-12J4 (a value of 0.5 has also 
been reported,13 but it is based on only three data points 
and it might be due to substantial experimental error). 
Extrapolation of viscosity measurements to 9-conditions 
(by Kurata-Stockmayer plots or Burchard-Stockmayer- 
Fixman plots) yields values of the constant factor in the 
Mark-Houwink-Sakurada equation at a 0-state, K,, in the 
wide range 0.16-0.30 mL/g,16 but most values lie between 
0.19 and 0.24 mL/g for temperatures of about 300 K. 
Kurata and Stockmayer15 recommend a value of 0.222 
(f0.025) mL/g. Wolfram and Nagy’O have tried to es- 
tablish 0-conditions for PVA in water/alcohol mixtures. 
Their values for Ke differ quite strongly from one solvent 
mixture to another, ranging from 0.155 mL/g in water/ 
tert-butyl alcohol to 0.283 mL/g in water/ethanol. The 
second virial coefficients estimated from their Kurata- 
Stockmayer plots are not zero, however, although much 
smaller than in solutions in pure water. Evaluation of the 
combined literature on experimental data leads us, in 
agreement with Kurata and Stockmayer, to consider Ke 
= 0.22 (f0.03) mL/g to be a suitable value. Taking the 
“universal” viscosity constant C$ = 2.6 X we obtain a 
value of the characteristic ratio of PVA in water of C, = 
8.5 f 1. 

The success of the prediction of vicinal coupling con- 
stants in aqueous solution of the 2,4-pentanediols 
prompted use of the (“a priori”) rotational isomeric state 
scheme developed by calculations on the “dimer” without 
taking Coulombic interactions into account. 

For the theoretical calculation of the characteristic ratio, 
common matrix generation techniques were used.45 The 
polymer chain was modeled as a Bernoullian sequence of 
meso and racemic diads, w, being the weight of a meso 
diad. The characteristic ratio C, = (r:)/nt2 was calculated 
for different w, as the average over 10 Monte Carlo trials 
each for n = 200. (The results for n = 200 for the isotactic 
and syndiotactic chains are only slightly lower than C,, 
obtained by linear extrapolation of C, vs. l/n.) The pa- 
rameters employed are listed in Table VI on the left. 
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Table VI 
Parameters Used for the Characteristic Ratio 

ri 2.02 0.3 0.51 
T 0.60 0.08 -0.12 

0.07 0.02 -0.01 
0.25 0.03 0.03 

W 0.50 0.13 -0.09 

W 

W 

ii - e ”  112  1 2.3 
1.9 

--__ 
- e ’  114 1 

($), deg d(@, deg 

( O t )  5 3 -0.1 
(Og) 110 3 -1.0 

_-__ 

‘Qp’ 115 3 0.5 

a See text for explanations. 

5 
00 05 10 

wm 

Figure 7. Characteristic ratios, C, = (r2),Jn12, for chains with 
Bernoullian tacticity and a probability for a meso diad w,. The 
solid line, circles, and dashed lines represent the theoretical 
prediction, and the hatched rectangle displays the region indicated 
by experimental data; see text. 

These are the values obtained directly from conformational 
energy calculations. To obtain confidence limits for the 
prediction each of these parameters was assigned an un- 
certainty, also shown in Table VI. The uncertainties for 
the statistical weights are calculated from the deviations, 
dEt and dt0, obtained earlier (see Table IV). Uncertainties 
for bond and torsion angles are intuitive estimates. Partial 
derivatives of C, with respect to individual parameters are 
listed in the last column of Table VI for w, = 0.5. The 
values for C, thus calculated are C, = 12.2 (f1.6) for a 
purely syndiotactic chain, 9.5 (f1.0) for an atactic chain 
with w, = 0.5, and 7.8 (f0.9) for a purely isotactic chain. 

Figure 7 displays the results of computations of the 
characteristic ratio. The circles and the solid line represent 
the values obtained with the parameters from Table VI. 
The dashed lines indicate the limits of confidence obtained 
by summing the variances of C, with respect to each pa- 
rameter, where the required partial derivatives are esti- 
mated numerically. The hatched rectangle in Figure 7 
represents the range of experimental values for C,, based 
on the Ke value given by Kurata and Stockmayer,ls to- 
gether with an estimate for the frequency of meso diads 
in atactic PVA of 0.45-0.4846-a from proton and 13C 
magnetic resonance investigations. These limits for the 
tacticity are typical for atactic PVA but might be some- 
what too restrictive in view of the fact that the actual 

w,= 0.49 

Figure 8. Simulated chains of 100 bonds for different Bemoullian 
tacticities; w, is the probability for a meso diad. See text. 

tacticity of the samples used to determine Ke had not been 
measured. Comparison between experiment and predic- 
tion is good. Experimental data on the chain dimensions 
of stereoregular PVA have not been published to our 
knowledge. 

Conclusions 
For the dimer as well as for PVA a simple three-state 

rotational isomeric scheme is appropriate. Bond angles 
are a - 8’ = 114’ and a - 8” = 112’; torsion angles are q5t 
= 5’, q5g = llOo, and dg = -115’. The statistical weights 
are given by 

7 = 1.1 exp(+BOO/T) 

T = 0.6 
w = 1.3 exp(-850/T) 

w’ = 1.0 exp(-400/T) 

w” = 0.9 exp(-150/T) 

The similarity betwen this value of E, (1.7 kcal/mol) 
and the ones found for polypropylene, polystyrene, poly- 
(methyl acrylate), poly(viny1 acetate), and polyethylene, 
Le., 1.6-2.0 kcal/mol, is gratifying. Contrary to experience 
with most other vinyl polymers where o > w‘ > w”, due 
to the larger size of the substituent with respect to CH2 
(or CH3), we find here the sequence w < w’ < w”, caused 
by the unusually small radius of OH. The introduction 
of explicit intramolecular hydrogen bonds into the calcu- 
lations is not necessary to explain the conformational 
characteristics of PVA in water. In aprotic solvents, 
however, the dimer might form intramolecular hydrogen 
bonds with an associated free energy of ca. 1 kcal/mol. 

A simulation of conformations of PVA chains of n = 50 
for three different tacticities is shown in Figure 8. The 
chains are oriented so that the principal axes of their radius 
of gyration tensors are parallel. The conformational se- 
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quences were generated by recourse to an “equivalent 
first-order Markov where a priori and condi- 
tional probabilities were computed for the chain with the 
particular stereostructure desired. The displayed chains 
were selected for close agreement of the squared end-to- 
end distance with the characteristic ratio for the same 
tacticity. Extended conformational sequences occur fre- 
quently in the atactic chain; these extended sequences, 
although sterically impure, could be packed into crystal- 
lites. The observed partial crystallinity of atactic PVA (ref 
1 and 7 and references therein) could thus be explained. 
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