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Abstract Polyvinyl alkyl esters (PVAe) are a family of macromolecules in which the ester side chains (pendant
groups) increase in molar mass and hydrophobicity and decrease in structural polarity as the number of carbons in
the pendant group increases. These PVAe are commonly used in adhesives, industrial coatings, plasticizers, textile
finishes, chewing gum bases, and paint thickeners. The most significant polymer in the family of PVAe is polyvinyl
acetate (PVAc), which is the precursor for making polyvinyl alcohol (PVOH), the largest volume water-soluble,
non-toxic, biodegradable, and biocompatible polymer in the world used in the manufacture of pharmaceuticals,
cosmetics, food industries, laundry detergents, and freshwater sports fishing. In this study, the goal is to synthesize
polyvinyl alkyl ester homopolymers of various molecular weights by esterifying polyvinyl alcohol with alkyl
anhydrides. The study also includes the synthesis of various polyvinyl alcohol homopolymers from different
polyvinyl acetates via hydrolysis. These polymers were studied via gel permeation chromatography (GPC),
multi-angle laser light scattering (MALLS), intrinsic viscosity, elemental analysis, Fourier-transform infrared
spectroscopy (FT-IR), and nuclear magnetic resonance spectroscopy (NMR). Blends of polyvinyl alkyl ester
homopolymers with defined compositions were also studied using quantitative FT-IR.
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1. Introduction
Polyvinyl alkyl esters (PVAe) are a class of
macromolecules commonly used for manufacturing
adhesives, chewing gum bases, industrial coatings, paint
thickeners, plasticizers, and textile finishes. They possess
an ester pendant group of variable carbon chain length. As
the carbon chain length increases, so too do the molar
mass and hydrophobicity while its structural polarity
decreases. Figure 1 shows a generic repeat unit for
PVAe’s, where n and r are the number of backbone and
methylene (-CH2-) repeat units, respectively.
Without any methylene units in the side chain, the
resulting PVAe is polyvinyl acetate (PVAc), the precursor
for synthesizing polyvinyl alcohol (PVOH), the largest
volume water-soluble, non-toxic, biodegradable, and
biocompatible polymer in the world [1]. To synthesize
PVAe’s, PVOH of known molecular weight (MW 13,00023,000) was esterified with a series of acid anhydrides;
these products were also made into blends. PVOH was
obtained via a saponification/hydrolysis reaction using

PVAc of different molecular weights. Figure 2 shows the
general reaction scheme for the synthesis of PVAe from
PVAc. The physical properties of these homopolymers
were characterized using GPC, MALLS, intrinsic
viscosity, elemental analysis, FT-IR, and NMR.

Figure 1. Monomer of PVAe
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Figure 2. Reaction Scheme of PVAc to PVOH to PVAe

2. Materials and Methods
2.1. Materials
The PVAc samples were purchased from Union
Carbide/DOW Chemical Corp and produced using
solution-free radical polymerization; these samples were
identified as GB-11, GB-30, GB-50, and GB-75 (numbers
representing molecular weights in kDa). These are foodgrade gum resins with appearances ranging from a
transparent amorphous solid (GB-11) to white pellets
(GB-75). The PVOH sample was 98% hydrolyzed with a
molecular weight of 13,000-23,000 and was obtained
from Sigma-Aldrich. The PVOH sample consisted of
small, sand-sized, light-yellow particles. Mallinckrodt’s
potassium hydroxide (KOH) (87% pure) and anhydrous
methanol (MeOH) (99.8% pure) from Spectrum were used
for synthesizing PVOH from PVAc. Acetone (99.5% pure)
was also supplied by Spectrum. Sigma-Aldrich supplied
acetic anhydride (99% pure), propionic anhydride (99%
pure), butyric anhydride (98% pure), hexanoic anhydride
(97% pure), and sodium tert-butoxide (NaOtBu) (97%
pure), which were used in esterifying PVOH into PVAe’s.
Sigma-Aldrich also supplied polystyrene standards with
molecular weights ranging from 2,430-891,000 Da for
calibrating the GPC; deuterated chloroform (CDCl3)
(>99% deuterated) and deuterated dimethyl sulfoxide
(D-DMSO) (>99% deuterated) for NMR analysis; and
tetrahydrofuran (THF) (≥99.9% pure) and toluene (99.8%
pure) for dissolving homopolymers for GPC and MALLS
analyses.

2.2. Methods
2.2.1. Synthesis of PVOH from PVAc
Approximately 3 grams of PVAc (GB-11, -30, -50, or
-75) was weighed into a 250-mL round-bottom flask with
a condenser, thermometer, and dropping funnel attached.
To this, 75-mL of MeOH was added through the dropping
funnel and refluxed at approximately (65-70°C) until the
PVAc was completely dissolved. Afterward, a solution of
approximately 2-grams of KOH dissolved in 25-mL of
MeOH was added. After refluxing for an hour, the PVOH
precipitated out of the solution and was gathered using
Buchner funnel filtration. The PVOH was washed with
two 25-mL portions of MeOH and left to dry overnight
before weighing.

2.2.2. Synthesis of PVAe from PVOH
Approximately 5 grams of PVOH (MW 13,000-23,000)
was weighed into a 250-mL round-bottom flask with a
condenser, thermometer, and dropping funnel attached. To
this, 25-mL of an acid anhydride (acetic, propionic,
butyric, or hexanoic) was added via the dropping funnel.
The solution was refluxed for around 3.5-4 hours at
different temperatures depending on the anhydride (125°C
for acetic, 140°C for propionic, 150°C for butyric,
and 250°C for hexanoic). These would yield PVAe
homopolymers of PVAc, polyvinyl propionate (PVPr),
polyvinyl butyrate (PVBu), and polyvinyl hexanoate
(PVHex), respectively. After reflux, the product was
precipitated from the solution using 1M KOH until it had
a neutral pH. After precipitation, the precipitate was
placed in a 1M NaOtBu solution and left alone for several
days to neutralize any remaining acid within the product.
Afterward, the solution was decanted and the product was
placed in a vacuum oven at 50°C for a day. Then, the
product was dissolved in acetone and reprecipitated using
200-mL of water to get rid of any remaining acid. Finally,
the acetone-water solution was decanted and the product
was dried in the vacuum at 50°C for a day. The product
was then weighed.
2.2.3. Preparation of PVAe Blends
Blends were prepared using PVAe homopolymers
obtained from the esterification of PVOH described above.
Four blends of 1-gram total mass were made using PVAc
and PVPr in 20- weight percent intervals. Each blend was
dissolved in approximately 15-mL of MeOH and mixed
thoroughly. The MeOH was first evaporated until a
malleable film was left before the solid blends were
obtained by placing them in a vacuum oven at low
pressure and 50 °C for a day.
2.2.4. Gel Permeation Chromatography (GPC)
A GPC was constructed using the following hardware
components: 1-liter solvent bottle, Viscotek DG 700
degasser, Waters 510 HPLC pump, Waters 717Plus
autosampler, Waters Styragel gel permeation column HR
3:4:5, Viscotek RALLS detector module 600, Viscotek
dual detector – differential refractometer and viscometer
model 250, and Viscotek data manager DM 400. The
computer software used was Viscotek TriSEC 3.0.
Calibration was done using polystyrene samples of
varying molecular weights (MW 2,430-891,000). Samples
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were dissolved in 4.0 mL of THF and placed in 15x45 mm
VWR clear screw vials, caped with polytetrafluoroethylene
white Septum and Wheaton black plastic caps with open
tops.
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Using the measured efflux times of the solution (t) and
the solvent (t0), the relative viscosities (ηrel) of each
sample were calculated using equation 4:

η
tρ
t
=
≈
η0 t0 ρ0 t0

ηrel
=

2.2.5. Multi-Angle Laser Light Scattering (MALLS)

(4)

MALLS analyses were done as described previously [2].
For specific refractive index increment (dn/dc) measurements,
a Wyatt Optilab model DSP interferometer refractometer
was used with a P-10 cell at 35 °C. The dn/dc values were
obtained at 690 nm. The instrument was calibrated using
aqueous sodium chloride solutions. The data was analyzed
from plots of dn vs. concentration using Wyatt DNDC
software. The slopes of the dn vs. concentration plots were
the dn/dc values for each solution. For light scattering
measurements, a Wyatt MALLS photometer model
mini-DAWN was used with a K5 cell. Scattering
intensities were measured at 45, 90, and 135 degrees at
690 nm and 25 °C. Samples were prepared by dissolving
them in THF, acetone, and toluene. Solutions were
pumped through Whatman Anotop 25 filter 0.2 μm using
a Razel syringe pump set at a flow rate of 6 ccs per hour.
Using the dn/dc values, K and H light scattering
constants were calculated using equations 1 and 2,
respectively:

where η and η0 are the viscosities and ρ and ρ0 are the
densities of the solution and the solvent, respectively.
Since the densities of the solution and the solvent are very
dilute, ηr is approximately equal to t divided by t0. The
specific viscosity of the solution (ηsp) was computed using
equation 5:

K=

2π 2 n02  dn 
 
N 0 λ 4  dc 

H=

32π 2 n02  dn 
 
N 0 λ 4  dc 

The intrinsic viscosity [η] was graphically determined
by applying both the Huggins (Eq. 8) and Kraemer (Eq. 9)
equations and extrapolating them to zero concentration
[3,4]. The constants k’H and k’’H are dimensionless and
are for a series of polymers of different molecular weights
in a given solvent and temperature, and should sum to
approximately ½. The intercept of the Huggins and
Kraemer equations yielded [η].

2

2

(1)
(2)

where n0 is the refractive index of the solvent, N0 is
Avogadro’s number, and λ is the wavelength of the
incident light. The K and H constants were substituted
into the Debye virial equation (Eq. 3) below:

Kc Hc
1
= =
+ 2 A2 c +…
Rθ
Mw
τ

(3)

where c is concentration, Rθ is the intensity of light
scattering at angle θ in degrees, τ is the total light
scattering (turbidity), Mw is the weight-average molecular
weight, and A2 is the second virial coefficient.
Zimm plots were obtained by plotting Kc/Rθ vs Sin²θ/2
+ kc using Wyatt Aurora software, where k is the scaling
factor of the plot. Double extrapolation of the plot yielded
the reciprocal of Mw as the intercept and A2 as the slope of
the zero-angle line.
2.2.6. Intrinsic Viscosity
Intrinsic viscosity measurements were done as described
previously [2]. A Cannon-Ubbelohde low shear semi-micro
dilution viscometer (size 50) was used. The temperature
was kept at approximately 25.0 ± 0.1°C using a Cannon
Model M-1 Constant Temperature Bath connected to a
Haake A81 cooling unit. Approximately 1.5 g of each
sample was dissolved in 50 mL of solvent (acetone
for PVAc and PVAe’s, water for PVOH) and filtered
through a Hypo Interchangeable Syringe with a Whatman
25-mm PTFE filter. Each sample at several different
concentrations was measured using a stopwatch in
triplicates.

η sp=

η − η0
t
1
= ηrel −=
η0
t0 − 1

(5)

The reduced viscosity (ηred) was calculated using ηsp
divided by the solute concentration (c) in g/dL as
expressed in equation 6. Inherent viscosity (ηinh) is also
related to concentration and was calculated using equation 7.

ηred =

η sp

ηinh = ln

=
ηred

η sp

(6)

c
nrel
.
c

(7)

'
= [η ] + k H
[η ] c
c

(8)

n

(9)

2

''
ηinh
= ln rel
= [η ] − k H
[η ] c
2

c

The viscosity-average molecular weights (Mv) of the
homopolymers were calculated from their graphically
determined [η] using the logarithmic form of the MarkHouwink equation (Eq. 10):

log=
[η ] log K + α log M v

(10)

where K and α are constants that vary based on the
polymers and solvents.[5] A value of α that is greater than
0.5 is indicative of a good solvent for the polymer of
interest and can be physically interpreted as the flexibility
of the polymer in solution. The greater the α value, the
more rigid the polymer is in solution. The K and α
constants for PVAc in acetone are 1.8*10-4 dL/g and
0.67, respectively, while those for PVOH in water are
2.0*104 dL/g and 0.76, respectively [2,6].
2.2.7. Elemental Analysis
Samples were sent to Galbraith Laboratories in
Knoxville, Tennessee, for carbon and hydrogen
combustion testing. Percent weight compositions of
carbon and hydrogen were obtained, and percent oxygen
was calculated by difference.
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Mn < M p < Mw < M z.

2.2.8. Fourier-Transform Infrared
Spectroscopy (FT-IR)
All PVAc, PVOH, and PVAe samples were analyzed
using a Brucker Alpha-P FT-IR spectrometer with a
Platinum® attenuated total internal reflectance (ATR)
quick snap module with a diamond crystal. The Alpha-P
unit had a Michelson Interferometer with a SiC globar as
the IR source, the time dependence of the IR intensity was
measured with a pyroelectric DTGS detector. The data
analyses were done using the Bruker OPUS® software
version 7.0.122. Each sample was analyzed by simply
pressing the sample between the anvil and diamond crystal,
with each measurement represents the average spectrum
after 16 scans and at a resolution of four wavenumbers.
For quantitative FT-IR measurements, five scans were
conducted for each sample and their peak integrations
were obtained using the built-in integration feature.

Polydispersity is the degree to which the polymer of
interest is not uniform and can be calculated by dividing
Mw and Mn. The various types of molecular weights for
GB-11 to 75 are described in Table 1. In each case, the
general relationship between the different types of
molecular weights holds and the polydispersity index
is close to 2.0. This is consistent with the way that
PVAc is polymerized because traditional free radical
polymerization produces highly polydisperse polymers.
The molecular weights of these homopolymers increase
from GB-11 to 75 and the Mw for each homopolymer is
incredibly similar to the average molecular weight
reported by the manufacturer.
Table 1. Summary of GPC Data of PVAc’s
PVAc

2.2.9. Nuclear Magnetic Resonance (NMR)
The proton NMR spectra were obtained using a 400
MHz JEOL model ECS-400 NMR spectrometer. The
PVAe’s and PVOH’s were dissolved in CDCl3 and DDMSO, respectively. The JEOL Delta NMR control and
process software version 5.0.2 (Windows) was used to
analyze each spectrum. Each sample was run as a 16-scan
single pulse, 1D proton NMR with a 0.25 Hz resolution
and a relaxation time of 5 seconds.

2.3. Hazards
KOH and NaOtBu are caustic chemicals that can cause
skin burns and eye damage and should be worked with
using gloves in a fume hood. Acid anhydrides are
flammable, corrosive, and water-sensitive chemicals, and
should be handled exclusively in a fume hood. MeOH,
THF, toluene, and acetone are flammable and toxic liquids.
CDCl3 is toxic and possibly carcinogenic and should be
handled in a fume hood with gloves. D-DMSO is a
flammable liquid and should be handled away from heat
and electrical sources.

3. Results and Discussion
3.1. GPC Analysis of PVAc Homopolymers
The molecular weight of polymers is unlike small
molecules in that they are frequently represented by a
Gaussian distribution. In this Gaussian curve, several key
molecular weights can be used to describe any given
polymeric material. The Mn molecular weight represents
the number-average molecular weight and it is strictly
smaller than the weight-average molecular weight (Mw).
The molecular weight with the highest probability is
referred to as Mp and is strictly in between Mn and Mw.
The Mp represents the weight of the polymer that is at the
highest point on the Gaussian curve. Lastly, there is Mz,
which is typically determined via ultracentrifugation and
is physically related to the toughness of the material. Mz is
strictly greater than all of the other molecular weights.
Taken together, for any given polydisperse polymer, the
following relationship holds for Mn, Mp, Mz, and Mw:

GB-75
GB-50
GB-30
GB-11

Mn
(kDa)
43.6
28.4
20.8
7.85

Mp
(kDa)
61.0
47.4
31.8
12.8

Mz
(kDa)
172.1
135.5
54.7
20.4

Mw
(kDa)
85.8
59.0
35.4
14.0

Polydispersity
Ratio (Mw/Mn)
1.968
2.077
1.702
1.783

3.2. MALLS Analysis of PVAc
Homopolymers
The dn/dc data (Table 2) was used to construct a Zimm
plot that allowed both the light-scattering molecular
weight (Table 3) and second virial coefficients (Table 4)
to be calculated in THF, acetone, and toluene. An example
of a constructed Zimm plot is shown in Figure 3. The
average molecular weight determined by MALLS in
various solvent systems is consistent with the nominal
molecular weight reported by the manufacturer and is
consistent with the GPC-determined weight average
molecular weight. The second virial coefficients decrease
with increasing molecular weight and suggest that PVAc
is a good solute in these solvents because the second virial
coefficient is strictly greater than zero for all solvent
systems [2].
Table 2. Summary of dn/dc (mL/g) Data in Different Solvents
PVAc
GB-75
GB-50
GB-30
GB-11

THF
0.0535
0.0525
0.0583
0.0586

Acetone
0.1032
0.1050
0.0971
0.1033

Toluene
0.0135
0.0142
0.0144
0.0189

Methanol
0.1125
0.1197
0.1254
0.1189

Table 3. Summary of Molecular Weights (kDa) of PVAc’s from
MALLS Analysis using Different Solvents.
PVAc
GB-75
GB-50
GB-30
GB-11

THF
80.5
57.9
30.5
10.1

Acetone
84.3
57.1
34.5
10.3

Toluene
82.6
53.4
37.8
11.0

Average
82.5
56.1
34.3
10.4

Table 4. Summary of A2 Values in Different Solvents (mol*mL/g2)
PVAc
GB-75
GB-50
GB-30
GB-11

THF
9.10E-04
9.40E-04
1.30E-03
1.70E-03

Acetone
6.20E-04
7.10E-04
6.90E-04
1.10E-03

Toluene
4.70E-04
6.10E-04
1.80E-03
2.10E-03
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Aurora:Zimm - gb50tola
4.0x10 -5

K * c / R(Theta)

3.5x10 -5

3.0x10 -5

2.5x10 -5

2.0x10 -5

1.5x10 -5
0.0

0.5

1.0

1.5

2.0

sin?(Theta / 2) + 76 * c
RMS Radius
: 25.4 +/- 8.2 nm
Molecular Weight : (5.40 +/- 0.4)e4 g/mol
2nd Virial Coef. : (6.09 +/- 0.5)e-4 mol ml/g**2

Figure 3. Zimm Plot of PVAC Homopolymer GB-50 in Toluene

3.3. Intrinsic Viscosity Analysis of PVAe and
PVOH Homopolymers
Table 5. Summary of Intrinsic Viscosities of PVAc’s in Acetone
PVAc

Intrinsic Viscosity (Acetone) (cm3/g)

Mv (kDa)

GB-11

0.100

11.275

GB-30

0.172

25.180

GB-50

0.260

46.441

GB-75

0.373

79.268

Table 6. Summary of Intrinsic Viscosities of PVOH’s in Water
PVOH

Intrinsic Viscosity (Water) (cm3/g)

Mv (kDa)

From GB-11

0.141

5.695

From GB-30

0.229

10.602

From GB-50

0.262

12.657

From GB-75

0.355

18.878

MW 13-23 kDa

0.371

19.973

Table 7. Summary of Intrinsic Viscosities of PVAe’s in Acetone
PVAe
PVAc
PVPr
PVBu
PVHex

Intrinsic Viscosity (Acetone) (cm3/g)
0.223
0.230
0.245
---

Intrinsic viscosities and molecular weights of the PVAe
and PVOH homopolymers in their respective solvents are
summarized in Table 5, Table 6, Table 7. Figure 4.
demonstrates a linear relationship between increasing
intrinsic viscosity and molecular weight of PVAc
homopolymers. A similar relationship is shown in Figure
5 using PVOH homopolymers that were synthesized from
various PVAc’s and with one sample purchased from
Sigma-Aldrich. These trends are consistent with the
physical significance of viscosity; the longer the polymer
chain, the stronger the intermolecular forces between the
molecules, and thus the more resistance to flow the bulk
material would display.

Mv (kDa)

Mv (kDa) vs. Intrinsic Viscosities (cm3/g) of PVAc's in
Acetone

90.000
80.000
70.000
60.000
50.000
40.000
30.000
20.000
10.000
0.000

y = 250.5x - 16.13
R² = 0.992

0.000

0.050

0.100

0.150

Mv (kDa)
39.039
45.394
51.749
---

0.200

0.250

0.300

Intrinsic Viscosity (cm3/g)
Figure 4. Mv (kDa) vs. Intrinsic Viscosities (cm3/g) of PVAc’s in Acetone

0.350

0.400
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Mv (kDa) vs. Instrinsic Viscosities (cm3/g) of PVOH's in
Water

25.000

y = 62.65x - 3.454
R² = 0.997

Mv (kDa)

20.000
15.000
10.000
5.000
0.000
0.000

0.050

0.100

0.150

0.200

Intrinsic Viscosity

0.250

0.300

0.350

0.400

(cm3/g)

Figure 5. Mv (kDa) vs. Intrinsic Viscosities (cm3/g) of PVOH’s in Water

3.4. Elemental Analysis of PVAe and PVOH
Homopolymers
The elemental analysis results were used to calculate
the experimental weight percent oxygen using equation 11:
(11)

% O =100 − % C − % H

The theoretical weight percent compositions were
determined using equation 12 below:
Weight % Composition =

( MWE )( nE )
*100
( MWM )

(12)

Theoretical Weight % Oxygen

where MWE and MWM are the molecular weights of the
element and monomer, respectively, and nE is the number
of atoms of the element in the monomer.

Experimental weight percent compositions of PVAe
and PVOH homopolymers agreed with the theoretical
weight percentages of carbon, hydrogen, and oxygen. The
theoretical weight percent oxygen and experimental
weight percent oxygen are plotted in Figure 6. These
values show a strong linear relationship and the slope of
the line is incredibly close to 1, indicating that percent
oxygen that should be there is incredibly close to the
experimentally determined percent oxygen. As the number
of methylene groups in the pendant chain of the PVAe’s
increases, the percent carbon and hydrogen should
increase and the percent oxygen should decrease. This
trend is observed experimentally and is summarized in
Table 8.

Theoretical Weight % Oxygen vs. Experimental Weight %
Oxygen of PVAe's
40.00
35.00
30.00
25.00

y = 0.941x + 2.139
R² = 0.995

20.00
15.00
10.00
5.00
0.00
20

25

30

35

40

Experimental Weight % Oxygen
Figure 6. Theoretical Weight % Oxygen Plotted Against Elemental Analysis Determined Weight % Oxygen.
Table 8. Summary of Elemental Analysis Results for PVAe and PVOH Homopolymers
Experimental Weight Percent Compositions from Elemental Analysis

Theoretical Weight Percent Compositions

Polymer

% Carbon

% Hydrogen

% Oxygen

% Carbon

% Hydrogen

% Oxygen

PVOH

52.79

9.22

37.99

54.53

9.15

36.32

PVAc

55.57

6.89

37.54

55.81

7.02

37.17

PVPr

59.93

8.73

31.34

59.98

8.05

31.96

PVBu

63.34

9.59

27.07

63.14

8.83

28.03

PVHex

67.53

10.42

22.05

67.57

9.92

22.50
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3.5. FT-IR Analysis of PVAe and PVOH
Homopolymers
All PVAe and PVOH homopolymers were analyzed
using FT-IR via absorbance measurements. Table 9
summarizes the IR vibrations for all PVAe and PVOH
homopolymers. Stretching and bending vibrations are
represented by lowercases nu (ν) and delta (δ),
respectively. Figure 7 shows the overlapping spectra of all
homopolymers.

7

PVOH contains a broad peak at approximately
3300 cm-1, which represents the O-H stretching vibration
of the alcohol moiety. There is also a weak peak at
approximately 1660 cm-1 due to water absorption [7].
These O-H stretching and bending vibrations are absent
among the PVAe homopolymers and each of them
contains a peak at approximately 1730 cm-1, which
corresponds to the C=O stretching vibration of an ester
group. These data suggest that the alcohol moieties of the
PVOH precursors underwent esterification to yield the
ester pendant groups of the PVAe homopolymers.

Table 9. Summary of FT-IR Data of PVAe and PVOH Homopolymers Reported in Wavenumbers (cm-1).
Functional Group

Type of Vibration

PVAc

PVPr

PVBu

PVHex

PVOH

Alcohol

νO-H

---

---

---

---

3284

Aliphatic

νC-H

---

2981

2964

2956

---

Aliphatic

νC-H

2925

2943

2935

2930

2939
2908

Aliphatic

νC-H

---

2884

2876

2861

Ester

νC=O

1728

1729

1730

1732

---

Alcohol (Water)

δO-H

---

---

---

---

1660

Aliphatic

δC-H

---

1463

1459

1461

---

Aliphatic

δC-H

1432

1423

1418

1417

1421

Aliphatic

δC-H

1370

1345

1363

1377

1328

Ester/Alcohol

νC-O

1224

---

1251

1243

1237

Ester/Alcohol

νC-O

---

1174

1172

1168

1142

Ester/Alcohol

νC-O

1118

1119

---

---

---

Ester/Alcohol

νC-O

---

1079

1081

1095

1090

Figure 7. Overlapped FT-IR Spectra of PVAe and PVOH Homopolymers .Legend above in colors for the specific compounds
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3.6. FT-IR Analysis of PVAe Blends
Four PVAc-PVPr blends were prepared ranging from
20% to 80% PVPr by weight in 20% intervals and were
analyzed quantitatively via FT-IR using absorbance
measurements. Figure 8 showcases the overlapping
spectra of the PVAc-PVPr blends. Plotted in Figure 9 are

the average integrations of the approximate 800 cm-1
peaks, which represents the C-H rocking vibrations, and
demonstrates a linear relationship with increasing peak
integration and weight percent PVPr [8]. Figure 10 shows
a similar correlation using average peak integrations
between 3090-2780 cm-1, which consists of the
asymmetric and symmetric C-H stretching vibrations.

Figure 8. Overlapped FT-IR Spectra of PVAc-PVPr Homopolymer Blends. .Legend above in colors for the specific blends

Average Integrations at Approximately 800 cm-1 vs. Percent
PVPr of PVAc-PVPr Blend

Average Integration
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Figure 9. Average Peak Integration vs. Percent PVPr of PVAc-PVPr Blend at Approximately 800 cm-1
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Average Integrations between 3090-2780 cm-1 vs. Percent PVPr
of PVAc-PVPr Blend
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Figure 10. Average Peak Integration vs. Percent PVPr of PVAc-PVPr Blend between 3090-2780 cm-1

Figure 11. Proton NMR of PVAc in CDCl3

Figure 12. Proton NMR of PVPr in CDCl3
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Figure 13. Proton NMR of PVBu in CDCl3

Figure 14. Proton NMR of PVHex in CDCl3

Figure 15. Proton NMR of PVOH in D-DMSO
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Table 10. Proton NMR Peak Assignments for PVAc in CDCl3

Table 13. Proton NMR Peak Assignments for PVHex in CDCl3

PVAc
Assignment

Chemical Shift
(ppm)

Proton
Count

Normalized
Integration Value

A1

1.740

2

1.94

B1

4.852

1

2.98

C1

2.010

3

1.00

11

Assignment
A4 + D4
B4
C4
E4 + F4
G4

Chemical Shift
(ppm)
1.550-1.691
4.801
2.209
1.265
0.852

PVHex
Proton
Count
4
1
2
4
3

Normalized
Integration Value
4.03
1.00
2.10
4.36
3.22

Table 11. Proton NMR Peak Assignments for PVPr in CDCl3
Table 14. Proton NMR Peak Assignments for PVOH in D-DMSO

PVPr
Assignment

Chemical Shift
(ppm)

Proton
Count

Normalized
Integration Value

A2

1.714

2

1.91

B2

4.804

1

1.00

C2

2.249

2

2.00

D2

1.069

3

2.99

Table 12. Proton NMR Peak Assignments for PVBu in CDCl3

Assignment
A5
B5
C5

Chemical Shift
(ppm)
1.347
3.817
4.543

PVOH
Proton
Count
2
1
1

Normalized
Integration Value
1.79
1.00
0.77

3.7. NMR Analysis of PVAe and PVOH
Homopolymers
Figure 11 - Figure 14 shows the proton NMR spectra of
PVAc, PVPr, PVBu, and PVHex in CDCl3, respectively.
Figure 15 is the proton NMR spectrum of PVOH in
D-DMSO. The peak assignments for each homopolymer
are summarized in Table 10 – Table 14. Peaks were
assigned based on simulated proton NMR spectra
[9,10,11]. The singlet peak at approximately 7.240 ppm is
the solvent peak for chloroform for the PVAe’s.

4. Conclusions
PVBu
Assignment

Chemical Shift
(ppm)

Proton
Count

Normalized
Integration Value

A3 + D3

1.607

4

4.19

B3

4.833

1

1.00

C3

2.214

2

2.01

E3

0.914

3

3.18

PVAc homopolymers of varying molecular weights can
be accurately characterized using GPC to obtain molecular
weight information, DNDC to obtain differential
refractive index increments, and MALLS to obtain the
second virial coefficient in various solvents. The intrinsic
viscosity increased as the molecular weight of the PVAc
homopolymer increased, which is consistent with intuition,
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and the molecular weights obtained via GPC and MALLS
analysis were closely mirrored by the viscosity-average
molecular weights and those reported by the manufacturer.
This strongly suggests that viscosity, MALLS, and GPC-based
methods of obtaining molecular weight are highly
accurate for polymers in the PVAe family. The second
virial coefficient for PVAc’s of all molecular weights in
toluene, acetone, and THF was all greater than zero, indicating
that all of these solvents are “good” for dissolving PVAc
because they have favorable solvent-solute interactions.
This is consistent with the low structural polarity of the
solvent and the PVAc homopolymer.
FT-IR and NMR spectroscopic results and subsequent
physical characterization via intrinsic viscosity measurements
confirm that a family of polyvinyl alkyl esters can be
synthesized via esterification of PVOH homopolymers of
various molecular weights. The FT-IR and NMR spectra
of all the PVAe lacked O-H stretching vibrations and
broad O-H proton peaks, suggesting that the esterification
went to near completion. The integration values for the
various proton NMR peaks were also consistent with the
structure of the PVAe’s synthesized. The PVAe increase
in intrinsic viscosity and molecular weight as the number
of methylene groups increases, which is consistent with
chemical intuition, and the elemental analysis results were
nearly 1:1 with the expected %CHO.
The weight percent composition of blends of PVAc and
PVPr can be accurately obtained via FTIR using the
integration values of the peaks at 800 cm-1 and 3090-2780
cm-1. This indicates that quantitative FTIR can not only be
used to quantify blends of two distinct families of
homopolymers, i.e., PVOH and PVAe’s, but also can
quantify blends of two members of the same polymer
family. This greatly extends the utility of quantitative
FTIR and strongly suggests that similar analyses can be
performed for other polymer families. Further physical
characterization of polyvinyl alkyl esters using GPC,
MALLS, and DNDC will be reported in due course.
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List of Abbreviations
ATR – Attenuated Total Internal Reflectance
c - Concentration
CDCl3 – Deuterated Chloroform
D-DMSO – Deuterated Dimethyl Sulfoxide
dn/dc – Specific Reflective Index Increment
FT-IR – Fourier-Transform Infrared Spectroscopy
GPC – Gel Permeation Chromatography
IR – Infrared

KOH – Potassium Hydroxide
MALLS – Multi-Angle Laser Light Scattering
MeOH – Anhydrous Methanol
Mn – Number-Average Molecular Weight
Mp – Molecular Weight at Peak Maximum of a
Molecular Weight Distribution Curve
Mv – Viscosity-Average Molecular Weight
MW – Molecular Weight
Mw – Weight-Average Molecular Weight
Mz – Molecular Weight Determined by Centrifugation
NaOtBu – Sodium tert-Butoxide
NMR – Nuclear Magnetic Resonance Spectroscopy
PVAc – Polyvinyl Acetate
PVAe – Polyvinyl Alkyl Ester
PVBu – Polyvinyl Butyrate
PVHex – Polyvinyl Hexanoate
PVOH – Polyvinyl Alcohol
PVPr – Polyvinyl Propionate
THF – Tetrahydrofuran
δ – IR Bending Vibration
ν – IR Stretching Vibration
[η] – Intrinsic Viscosity
ηinh – Inherent Viscosity
ηred – Reduced Viscosity
ηrel – Relative Viscosity
ηsp – Specific Viscosity
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