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Introduction
Hemiacetals are well-established intermediates1 in

the formation and hydrolysis of acetals, though their
extreme instability makes them difficult to isolate and
characterize.2 Although special steps such as incorpo-
ration of stressed ring systems or bulky substituents3
stabilize hemiacetals sufficiently to allow isolation, few
examples of isolated, stable, linear, acyclic hemiacetals
are known.4,5
In a recent NMR study of poly(vinyl butyral) (PVB)

we observed peaks in the solution- and solid-state
spectra of acid-treated PVB that could not be assigned
on the basis of spectra previously reported6 for PVB. We
present here an analysis of NMR spectra for acid-treated
PVB that is consistent with the formation of a linear,
acyclic hemiacetal. This is, to the best of our knowledge,
the first isolation and characterization of a stable,
linear, acyclic, polymer-bound hemiacetal.7

Experimental Section
The preparation method used in the acid treatment of PVB

in methanol solution was critical for producing stable hemi-
acetals. Dried PVB in methanol solution (4% w/v), prepared
to a volume of 2.5 mL, was acidified by dropwise addition of
200 µL of 1 N HCl. The addition of acid initiated polymer
precipitation, which was completed by immediately adding 2.5
mL of deionized water. The polymer was isolated and dried
by vacuum filtration after washing with deionized water until
the filtrate had a pH between 6 and 7. The washed polymer
was then dried over P2O5 for 24 h before NMR characteriza-
tion. Residual chloride analysis via X-ray fluorescence re-
vealed no measurable chloride ion in the dried polymer.
Molecular weight analysis via size-exclusion chromatography/
low-angle laser light scattering10 indicated no chain degrada-
tion resulted from the acid treatment of the PVB.

Results and Discussion
Changes in the polymer due to acid treatment were

apparent in its solution-state 13C NMR spectrum, por-
tions of which are shown in Figure 1. For example, the
relative intensities of characteristic acetal resonances
of the meso tt and rac tt ring types of PVB,6 at 102 and
96 ppm, respectively, were dramatically altered. As
shown in Figure 1, the rac tt peak of the parent PVB
(Figure 1A) nearly disappeared and was replaced by a
new resonance at 106 ppm (Figure 1B) after acid
treatment. By contrast, little change was observed in
themeso tt peak. The corresponding solid-state carbon
spectra of PVB and acid-treated PVB, shown in Figure
2, display the same pattern of change noted in solution-
state spectra. Figure 2A is nearly identical to the solid-
state 13C NMR spectrum of PVB reported previously.11
The signal associated with the rac tt carbons (Figure
2A) nearly disappears after acid treatment (Figure 2B).
The solution-state 13C NMR spectrum of the acid-

treated polymer also showed three additional peaks at
chemical shifts of 35.9, 18.7, and 14.5 ppm, having two,

two, and three directly attached protons, respectively.
On the basis of proton homonuclear correlation (COSY)
data, these signals are assigned, together with the acetal
carbon at 106 ppm, to a C4 chain. Spectral changes due
to acid treatment are also seen in the carbinol (65-77
ppm) and chain methylene (37-47 ppm) regions of the
13C spectrum. Note, in particular, the strong reduction
of the ring carbinols belonging to the rac tt ring (∼70
ppm), and the appearance of the new peaks (∼68 ppm)
between the rac tt ring and alcohol carbinol (∼65-67
ppm) resonances. Although changes in the chain-meth-
ylene carbon region of the spectrum are difficult to
interpret, they clearly reflect changes in the polymer
conformation and/or microstructure8 induced by the acid
treatment.
NMR relaxation data provide additional evidence for

hemiacetal formation. Solution-state T1(C)’s for all car-
bon types in the acid-treated PVB increased dramati-
cally compared with their corresponding values in un-
treated PVB. For example, 〈T1(C)〉 increased from 0.4
to 4.3 s for the C2 acetal carbon (see Figure 1 for carbon
numbering scheme) and from 0.4 to 4.5 s for the C11
methylene carbons. These data indicate high-frequency
(megahertz regime) motions of the polymer chain change
greatly upon acid treatment. Similar changes are ob-
served in the low-frequency cooperative motions of large
polymer-chain segments probed by rotating-frame pro-
ton and carbon relaxation measurements in the solid
state. Measured relaxation times were consistently
shorter for the acid-treated PVB compared to the un-
treated polymer (e.g., 〈T1F(H)〉 ) 9.3 ms (PVB), 6.2 ms
(acid-treated PVB); 〈T1F(C)〉 [C4/C6 backbone methine
carbons] ) 30 ms (PVB), 10 ms (acid-treated PVB)),
indicating these motions are considerably more efficient
in causing relaxation in the acid-treated polymer.
To determine if acid-induced changes in PVB were

due to an unstable intermediate, the temporal stability
of the solution-state spectrum was tested over a 12
month period. During this time the samples were kept
at room temperature in capped NMR tubes. The
spectrum slowly changed and ultimately yielded the
original spectrum of the parent PVB.
The thermal stability of the isolated polymer was

evaluated by heating the solid polymer to 80 °C for
approximately 16 h. No changes were observed in the
solution-state spectrum of the dissolved polymer after
this treatment.
The consistency between solution- and solid-state

spectra conclusively demonstrates that observed solu-
tion-state spectral changes are not artifacts produced
by reaction between the polymer and the methanol-d4
solvent. This result, in conjunction with temporal and
thermal stability findings, conclusively demonstrates
that acid treatment of PVB produces a stable, isolatable
compound.
The structural change in PVB indicated collectively

by the solution- and solid-state spectra and relaxation
data was the formation of a flexible, hemiacetal-
containing C4 chain due to the hydrolysis of rac tt acetal
rings. This novel species is shown as structure IV in
the acid hydrolysis mechanism for PVB acetals rings
(Scheme 1). The preference shown toward the rac tt
ring in the hydrolysis is consistent with the current
model of acetal decomposition. Although not fully
understood, it is generally accepted that in acidic media
acetal decomposition proceeds through a concerted
mechanism via intermediate II in the above mecha-
nism.2,12,13 In this scheme, breaking of the carbon-* Address correspondence to this author.
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oxygen bond is the rate-determining step.13 The path-
way is highly stereospecific and acid-catalyzed cyclization
back to the acetal may involve SN2 displacement of water
from the protonated hemiacetal.11 It should, therefore,

come as no surprise that it is the rac tt symmetry that
gives rise to a stable hemiacetal. This view is consistent
with the strain of the rac tt ring.6 In addition, the
conformation of the rac tt ring is inappropriate for the
axial alignment of entering, exiting, and central atoms
that is required for SN2 displacement.14,15 The apparent
thermal and temporal stability of the hemiacetal may
also be a consequence of the conformational alignment
requirements of the SN2 displacement reaction. How-
ever, further investigation of the kinetics of hemiacetal
decay into rac tt rings is needed to confirm this
hypothesis.
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Figure 1. 100 MHz solution-state 13C NMR spectrum of PVB dissolved in CD3OD (0.7 g/mL) before (A) and after (B) acid treatment.
The peaks attributed to the hemiacetal carbon (106 ppm) and the hemiacetal sidechain carbons (35.9, 18.7, and 14.5 ppm) are
indicated by arrows in trace B. The spectra were acquired at 40 °C.

Figure 2. Cross-polarization magic-angle spinning (CPMAS)
13C NMR spectra of PVB (A) and acid-treated PVB (B).
Samples were spun at the magic angle at a rate of 3 kHz.
CPMAS 13C NMR were obtained at 31.9 MHz following 2-ms
matched, 50 kHz 1H-13C cross-polarization contacts. High-
power 1H decoupling (H1(H) ) 65 kHz) was used during data
acquisition, and the recycle delay between repetitions of the
experiment was 1 s.

Scheme 1
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