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The methyl and hydroxypropyl substituents in hydroxypropyl methylcellulose (HPMC) affect the result-
ing gel properties. These substituents in five HPMC gels were characterized using Fourier transform
infrared spectroscopy (FT-IR), Raman spectroscopy, small-amplitude oscillatory shear measurements,
and differential scanning calorimetry (DSC). In FT-IR spectra, the most intense peak appeared at
1053 cm~!, denoting the presence of the glucose ring. The ratio of peak intensities at 1452 cm~!, which
represents —C—H absorptions, and at 1053 cm~! (I1452/1053) and percent methylation from gas chro-

Keywords: matography exhibited a linear association (r? =0.6296). The broadening of the Raman spectra indicated
Hydroxypropyl methylcellulose . S . .

FI-IR that the relative crystallinity of HPMC decreases with increasing hydroxypropyl contents. DSC showed
Raman no linear relationship between the percent hydroxypropylation in HPMC and the percentage of free
Rheology water in an HPMC gel. Small-amplitude oscillatory shear measurements revealed that the formation of
Crystallinity an entanglements networks and/or weak gel depends on substituent contents.

Methylation © 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Native cellulose is linked by (-(1—4) glucosidic linkages;
hydrogen bonding between neighboring cellulose chains provides
mechanical strength in plants and renders cellulose insoluble in
water. In caustic solution, the hydrogen bonds between cellulose
chains are disrupted, and cellulose swells and absorbs water. In
the swollen state, hydroxyl groups are randomly substituted with
alkyl substituents such as ethyl, methyl or hydroxypropyl groups
to produce a modified cellulose. The relative hydrophobicity or
hydrophilicity of the substituent groups affects the solution prop-
erties of modified cellulose (Heiko Thielking & Schmidt, 2000).
In hydroxypropyl methylcellulose, cellulose contains methyl and
hydroxypropyl substituents that are etherified onto the cellulose
backbone (Heiko Thielking & Schmidt, 2000). The position, nature,
and proportion of substituents affect the resulting properties of
HPMC. The substituents have been widely analyzed to assess the
changes in the functionality of HPMC. The degree of substitution on
HPMC and temperature influences the intermolecular interactions
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such as the onset of turbidity during heating, termed cloud point
(Greiderer, Steeneken, Aalbers, Vivo-Truyols, & Schoenmakers,
2011; Mitchell et al, 1993), the onset of gelation (Haque,
Richardson, Morris, Gidley, & Caswell, 1993; Sarkar, 1995), drug
release rates (Viridén, Wittgren, Andersson, & Larsson, 2009), and
the viscoelastic properties of the gel (Bodvik et al., 2010).

Cloud point describes the phase separation of HPMC disper-
sions at sufficiently high temperatures, which is manifested as a
cloudy solution. The relationship between substituent content and
cloud point has been studied through the enzymatic degradation of
HPMC. Highly substituted regions of HPMC experienced less enzy-
matic degradation than less substituted regions. These fragments,
which differed by substitution, were used in cloud point studies;
fragments with higher proportions of substituted regions produced
the largest shifts in cloud points at the transmission at 50%, Tsq,
when using UV-vis (Schagerlof et al., 2006). The heterogeneity
of distribution of the substituents in HPMC, possessing the same
substituent contents and viscosities, has also been analyzed with
respect to release rates of pharmaceuticals. The findings demon-
strated that slower drug release rates were associated with more
heterogeneous substitution patterns (Viridén et al., 2009).

The extent and nature of substitution influence the viscoelastic
properties and affect the application of HPMC in the pharmaceuti-
cal, chemical, and food industries. The hydroxypropyl and methyl
contents affect the gelling abilities of HPMC. Larger quantities of
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hydroxypropyl substituents result in weaker gels and lower tem-
peratures for the onset of gelation (Haque et al., 1993). The gels
formed can provide an extended release matrix for pharmaceut-
icals (Viridén, Larsson, & Wittgren, 2010) or be used to enhance the
rheological properties of foods such as surimi (Chen, 2007). Estab-
lishing structure function relationships based on the substituent
content, position, and distribution provide insight into the final
characteristics of the gel (Viridén, Larsson, Schagerlof, & Wittgren,
2010). Limited research characterizes HPMC and its gels based on
the methyl to hydroxypropyl ratio and substituent content. Under-
standing the role of substituents in gel formation is useful in the
optimization and selection of HPMC for industrial uses. This study
uses attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR/FT-IR), Raman spectroscopy, differential scanning
calorimetry (DSC), and small-amplitude oscillatory shear measure-
ments to characterize the gelling and structural behavior of HPMC
as related to its methyl and hydroxypropyl substituents.

2. Materials and methods

The five grades of HPMC were supplied by Samsung Fine Chemi-
cals (Seoul, Korea) and differed by the percent methylation, percent
hydroxypropylation, and viscosity (PaS). The data regarding per-
cent hydroxypropylation and percent methylation were supplied
by the manufacturer and acquired using gas chromatography
(Table 1).

2.1. Dispersion preparation

HPMC dispersions were prepared by adding 2 g of powdered
HPMC into 100 mL of Type II water at 80°C. The dispersions were
stirred during addition and cooling, until the final temperature
reached 25 °C. The dispersions were hydrated for 10d at 4 °C prior
to testing (Sklubalova & Zatloukal, 2008).

2.2. Attenuated total reflectance/Fourier transform infrared
spectroscopy

The ATR-FT-IR spectra of the five grades of HPMC were obtained
using a purged Nicolet 6700 FT-IR Spectrometer (Thermo Elec-
tron, Madison, WI) with a diamond crystal ATR (attenuated total
reflectance) accessory (Durascope, Smiths Detection, Danbury, CT)
and a DTGS detector. A background reading was taken prior to each
series of measurements. Spectra of the powdered samples were col-
lected at 25 °C using 64 scans and at aresolution of 4cm~! and were
background subtracted. The spectral region ranged from 4000 cm ™!
to 500cm!.

2.3. Raman spectroscopy

Powdered HPMC were analyzed by Sentinel Sure-Cal Spec-
troscopy (Bruker Optics, Ettlingen, Germany). Samples weighing
4 ¢ were placed in 5mL glass scintillation vials and capped. The
calibration of the instrument was performed automatically prior
to each reading. The readings, which consisted of one scan, were
taken at a power of 300 mW with a spectral region of 2250 cm™~! to
250 cm™~!. Contributions made from the glass vials were subtracted
from each spectrum prior to analysis.

2.4. Differential scanning calorimetry

Aliquots of 10-15 mg of 2% (w/w) HPMC were weighed into alu-
minum pans with pins (Cat. No.: ME-00027331, Mettler Toledo,
Columbus, OH). The aluminum DSC pans were hermetically sealed
and handled with forceps during testing. The samples were heated
from —50°C to 30°C at a rate of 10°C/min. The peaks were

analyzed and integrated using the STARe 9.10 software (Mettler
Toledo, Columbus, OH). The baselines were calculated using an inte-
grated horizontal baseline, and the peaks were normalized to the
weights of the samples. The enthalpy change associated with the
energy associated with the melting of loosely bound water in the
HPMC solutions ( AHpysjon ) Was recorded. The differential scanning
calorimeter DSC 1 (Mettler Toledo, Columbus, OH) was calibrated
using 6-8 mg of indium standard in an aluminum pan with a pin.
An empty aluminum pan with a pin served as the reference pan
during calibration and testing. The standard was heated at a rate of
10°C/min through a range of 100-200 °C. The DSC data were col-
lected to associate the amount of free water in the solution of HPMC
with the respective HPMC grade. The percentage of free water in
each solution was calculated using Eq. (1) (Anghel & Saito, 2003).

Percentage of free water =

AHgysion(free water in HPMC solution)
AHpgysion(pure water)

x 100 (1)

2.5. Dynamic oscillatory measurements

Dynamic oscillatory measurements were conducted on the
stress-controlled SR-5000 rheometer (Rheometric Scientific, TA
Instruments, New Castle, DE). The gap was set to 0.50 mm, and the
cone angle was 4°. A strain sweep was conducted at a frequency of
1Hz on each of the hydrated samples to determine linear viscoelas-
ticregion (LVR). The lowest strain in the viscoelastic region for each
HPMC was determined and used in the frequency sweeps of the five
samples. A 0.3% strain was used for AN6 and AN50 between fre-
quencies of 0.05Hz and 5 Hz while 1% strain was used for BN40M,
CN40H, and CN10T. A strain of 1.0% could not be used in the analy-
sis of AN6 and AN50 because the linear viscoelastic regions differed
between samples and did not coincide during the dynamic strain
sweep. The elastic modulus (G’), loss modulus (G”), and tan § were
collected using a cone (35 mm) and Peltier plate at 25°C(40.01 °C).

2.6. Statistical analysis

All measurements were conducted on triplicate dispersions. Sta-
tistical analyses were performed using the Minitab® 15 software.
Significant differences between means were assessed using one-
way ANOVA and the t-test at P<0.05.

3. Results and discussion
3.1. ATR-FT-IR

The peaks obtained from the FT-IR spectrum were used to (1)
analyze the structure of HPMC and (2) correlate peak ratios with the
percent methylation provided by the manufacturer as determined
by gas chromatography. In the FT-IR spectra of the HPMC (Fig. 1),
many of the observed bands appeared in the fingerprint region,
which encompasses wavenumbers between 1400 and 900 cm™!.
The five HPMC produced similar spectra but differed in intensity
of certain peaks. The most intense peak in the spectra occurred at
1053 cm™1, represents out-of-phase vibrations associated with an
alkyl substituted cyclic ring containing ether linkages. The peak at
944 cm~! represents the in-phase vibrations from ether linkages
and appears as a weaker band attached to the band at 1053 cm™!
(Coates, 2006). Cellulose material possesses glucose molecules
that contain one ether linkage in the ring structure and another
ether linkage between neighboring glucose molecules (Teegarden,
2004). The spectra obtained reflecting the ether bonds (1053 and
944 cm1) verify the presence of these ethers in the structure of
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Fig. 1. The FT-IR spectra of the five HPMC.

glucose as well as ether linkages involved in covalent bonding of
the substituents.

Hydroxyl groups on the hydroxypropyl substituents and glu-
cose rings at carbon two and three represent secondary alcohols;
the C—0 bonds involved in the secondary alcohol structure typically
exhibit absorption at 1100 cm~! (Coates, 2006). Between 1091 and
1130cm™!, a shoulder appears on the most intense band in the
spectrum. The midpoint of the shoulder occurs at 1112cm~! and
may indicate the C—0 bonds in secondary alcohols. Finally, the band
arising from O—H bonds from the primary alcohol at C6 on the glu-
cose molecule appears at 1312cm~! (Coates, 2006; Langkilde &
Svantesson, 1995). The bands representing primary and secondary
alcohols reveal that unsubstituted carbons remain on the glucose
rings in the cellulose backbone after etherification.

The peaks at 1372 and 1452cm™! resulted from C—H bend-
ing and stretching modes from methyl groups; these peaks are
very weak relative to others in the spectrum (Coates, 2006). Wang,
Dong, and Xu (2007) analyzed the structure of HPMC using FT-
IR and identified the peaks at 1458 and 1378cm~! as methyl
C—H vibrations. The peaks at 2835 and 2898 cm~! represent the
absorptions of C—H vibration modes from methyl groups. The nor-
malized peak intensities at 2835cm~! against the largest peak
in the spectra (1053 cm~1) indicate that the I,g35/I1053 is associ-
ated well with the methyl contents. The pattern of normalized
peak intensities follows the order of percent methylation from
least to greatest as determined by gas chromatography (GC):
CN40H <CN10T < BN40M < AN50 < ANG6 (Table 1 and Fig. 2). While
the trend between absorbance followed the declared percent
methylation, the r2 was 0.4141.

To form an association between the degree of methylation
as determined by ATR/FT-IR and GC, the peak at 1452cm™!
was used as it unambiguously represents C—H bonds in HPMC.
The area under the curve at 1452cm~! was calculated using
the OMNIC 7.0 software (Thermo Electron Corporation, Madison,
WI) and associated with the percent methylation as determined
by GC. The area determined by FT-IR was plotted against the

Table 1
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Fig. 2. The normalized FT-IR spectra of the five HPMC between 2850 and 2800 cm ™!
to demonstrate difference in the methyl content. The different intensities of the
peaks at 2835 cm~! provide indications of the methyl contents of the HPMC.
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Fig. 3. The figure above depicts the association between the percent methylation
from gas chromatography and the area under the curve as represented by ATR-FT-IR.
Samsung Fine Chemicals analyzed the substituent content using gas chromatogra-
phy.

percent methylation calculated using GC. A weak, linear associa-
tion exists between the percent methylation and the area under
the curve at 1452cm~! between 22.0% and 30.0% methylation
(y=0.0158x — 0.2153; 12 =0.6296). This indicates that data provided
by ATR/FT-IR spectra is a sufficient predictor of the methyl content
of HPMC (Fig. 3). Although the differences in percent methyla-
tion are small, FT-IR discriminates between the methyl contents
well. These results support the peak intensities observed in the
normalized FT-IR spectrum. Similar studies have been performed
using FT-IR that successfully established the degree of esterifica-
tion or methylation in pectins using peak intensities (Chatjigakis
etal.,, 1998; Manrique & Lajolo, 2002; Synytsya, Copiikov, Mat&jka,
& Machovi¢, 2003). For example, these methods used peaks that
represented carboxylic acid groups to estimate the degree of
methylation of pectin. Inferences regarding the degree of hydrox-

Physicochemical characteristics* and percent free water, peak onset (°C), and temperature of onset (°C) of HPMC from experimental DSC® thermograms of five HPMC.

HPMC %M? %HP? M:HP? ratio Viscosity? (Pas) Free water® (%) Peak onset (°C) Onset temperature® (°C)
ANG6 28.9 9.4 3.07 0.006 97.34a + 0.007 —2.24a + 044 —-2.73a + 1.06
AN50 28.8 8.6 3.34 0.051 94.77b £ 0.014 —2.12a + 0.50 —221a+ 044
BN40M 285 6.4 4.45 0.402 95.78b + 0.009 —-2.11a + 032 —2.13a £ 0.57
CN40H 229 8.7 2.63 3.990 94.90b + 0.022 —2.35a £ 0.17 —2.52a + 0.93
CN10T 23.6 8.8 2.68 115.115 95.48b + 0.0133 —2.45a + 0.18 —1.94a + 0.59

2 The %M, percent methyl, ¥HP, percent hydroxypropyl, M:HP ratio and viscosity measurements were declared by manufacturer; viscosity measurements were made in a

2% (w/w) at 25 °C dispersion of HPMC.

b Different letters (a and b) reflect significant differences in means in each column (P<0.05).
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Fig. 5. Broadening of the Raman spectrum of each HPMC between 1540 cm~! and
1660cm~'. BN4OM possesses the narrowest spectrum, while AN6 possesses the
broadest spectrum.

ypropylation as predicted by FT-IR could not be established due to
the failure to unambiguously assign any alcohol derived absorption
to the hydroxypropyl group alone.

3.2. Raman spectroscopy

The Raman spectra of the HPMC samples are depicted in Fig. 4
and provide complementary spectral information to the FT-IR
spectra. The maximum wavenumber for the Sentinel SureCal was
2250cm™1; as a result, the peaks corresponding to wavenumbers
greater than 2250cm~! were not displayed. The Raman spec-
tra obtained were similar to those previously reported (Davies
et al,, 1990; Langkilde & Svantesson, 1995). The most intense
peaks in the spectrum occurred at 1358 and 1453 cm~!, which
are C—H vibrations from methyl groups. The band at 1120 cm™!
and the shoulder at 1093 cm~! correspond to a six membered
ring bound by ether linkages, while the peak at 1155cm~! cor-
responds to an alkyl substituted ether (Coates, 2006; Langkilde &
Svantesson, 1995). A second peak corresponding to ether linkages
was observed at 946 cm~! (Coates, 2006). Langkilde and Svantesson
(1995) identified bands at 1097 and 1122 cm~! as bands arising
from unsubstituted glucose. These bands verify that all glucose
molecules do not participate in the etherification reaction.

In a Raman spectrum, polymers containing more amorphous
regions possess broader peaks, while polymers with more crys-
talline regions contain narrower peaks (Agarwal, Reiner, & Ralph,
2010; Schenzel, Fischer, & Brendler, 2005). In Fig. 5, the most notice-
able broadening occurs in the right shoulder of the most intense
peaks in the spectrum in the region 1540-1660cm~1. As a result,

this region was selected as an indicator of relative crystallinity. In
a similar study using Raman to assess the crystallinity of hydroxy-
apatite, the normalized full width at half maximum (FWHM) was
selected as the region of interest (Pucéat, Reynard, & Lécuyer, 2004).
BN40M appears to possess the narrowest spectrum, which indi-
cates the greatest number of crystalline regions in its structure.
ANG6, however, possesses the widest spectrum which is indica-
tive of the larger number of amorphous regions in its structure
as compared to the other four grades of cellulose. The differences
in crystallinity of mixtures of pure crystalline and purely amor-
phous cellulose have been quantified using peak ratios from Raman
spectroscopy; the researchers identified peaks that were most
responsive to changes in crystallinity and made predictions using
peak ratios that were very close to the theoretical crystallinities
(Agarwal et al., 2010).

The order of increasing broadening at the midpoint of this region
1606 cm~! is as follows: BN40M < CN40H < AN50< CN10T < AN6.
The amount of crystalline character in a polymer affects its
mechanical strength; larger proportions of crystalline regions are
associated with increased mechanical strength (Young & Lovell,
1991). The order or increasing amorphous character closely resem-
bles the pattern of increasing percentage of hydroxypropyl groups:
BN40M < AN50 < CN40H <CN10T < AN6. The findings in this exper-
iment suggest that higher contents of hydroxypropyl substituents
lower the crystallinity of HPMC, which may have implications in
the strengths of the gels that are formed.

When considering the viscoelastic nature of gels, the degree of
crystallinity affects the deformation modulus. More specifically,
the deformation modulus is directly proportional to the degree
of crystallinity (Cowie, 1991). The crystallinity of a modified cel-
lulose, such as HPMC, becomes lower after the addition bulky
hydroxypropyl substituents, which prevent close packing of neigh-
boring chains (Silva et al., 2008). Studies have demonstrated that
hydroxypropyl groups in different varieties of HPMC decrease the
elastic character of viscoelastic gels as well as gel strengths (Bodvik
et al., 2010; Mitchell et al., 1993). The hydrophilic hydroxypropyl
substituents also impede particle aggregations through entropic
and steric means, leading to a weakening of gel firmness (Viridén,
Larsson, et al., 2010).

3.3. Differential scanning calorimetry

The data obtained from DSC thermograms demonstrated that
the onset of melting occurs near —2.25°C and was not differ-
ent between different HPMC samples (Table 1). The percentage of
free water in the HPMC dispersions was >95%. The percentage of
free water in the ANG6 dispersions was significantly different from
the percentage of free water in the dispersions containing AN50,
BN40M, CN40H, and CN10T (P<0.05). The peak temperature asso-
ciated with the phase transition (peak onset) and the temperature
of onset were not significantly between the different HPMC samples
(P<0.05). The percentage of free water in the dispersions was not
linearly associated with the percentage of hydroxypropyl groups
present in the sample.

In polymer solutions, water exists in three forms: bound,
loosely bound, and free water. Bound water is tightly bound to
the polymer and does not participate in phase transitions such
as melting and evaporation. Loosely bound water undergoes the
phase transitions but depresses or elevates the temperature at
which the phase transition occurs. Free water experiences a phase
change at the same temperature as pure water (Ford, 1999). The
transitions in this experiment were attributed to the freezing point
depression of loosely bound water. Because bound water does not
participate in phase transitions, the enthalpy change of a solution
of HPMC relative to the enthalpy change associated with pure
Millipore water is linked to the loosely bound water.
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In polymers, increasing numbers of hydrophilic groups are asso-
ciated with increasing quantities of loosely bound water (Anghel
& Saito, 2003). However, no linear relationship was observed
between either the hydrophobic or hydrophilic substituents in
HPMC and the free water content in hydrated HPMC (Mitchell et al.,
1993). Similar results were obtained in this experiment. In addi-
tion to the hydroxypropyl content, several variables affect water
binding in polymer dispersions; these variables include polymer
crystallinity, substituent arrangement, crosslinking, and degree of
substitution (Franks, 1988). The variation in each of these char-
acteristics may be responsible for the discrepancy in forming a
linear relationship between these variables. The peak onset dur-
ing a freezing point depression depends on the concentration of
solute, which may account for the lack of significant differences
between HPMC types (Engel & Reid, 2006). The concentration of
HPMC in the dispersion did not vary between each variety which
may account for the similarity in peak onset and temperature of
onset. The results suggest that DSC is unsuitable to make infer-
ences about the amount of free water in an HPMC dispersion based
on the hydroxypropyl content.

3.4. Rheological studies

In the plot of log angular frequency against log G/, log G”, and
logtan § for AN6 and AN50 (Fig. 6), the elastic modulus dominates
and is similar for both HPMC during the frequency sweep. Through
rheological measurements, gels are classified as either strong gels,
weak gels, or entanglement networks (Chen & Dickinson, 1998).
Below a certain critical concentration, an HPMC dispersion is char-
acterized as a dilute solution lacking entanglements of polymer
chains (Phillips & Williams, 2000). Strong gels exhibit the typi-
cal viscoelastic behavior of gels under small deformations, until
a critical point is reached. Weak gels, however, do not display vis-
coelastic behavior past small deformations. The properties of weak
gels resemble a compromise between dilute solutions and strong
gels. Under small deformations, weak gels produce G’ values that
are one to two orders of magnitude greater than G”. However at
higher frequencies, their three dimensional structure decomposes
(Lapasin & Pricl, 1999). The plots generated during the frequency
sweep of AN6 and AN50 suggest that they are dilute solutions
lacking entanglements. In viscoelastic systems, G’ > G’ at low fre-
quencies; a crossover eventually occurs, and thereafter G'>G” at
high frequencies (Goddard & Gruber, 1999). In the plots of AN6
and AN50 dispersions (Fig. 6), G dominates the frequency sweep
with no prior crossover. The absence of a crossover suggests that
the crossover occurred at a frequency that could not be detected
by the rheometer. One prominent characteristic of entanglement
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Fig. 7. Strain-controlled frequency sweep for BN4OM, CN40H, and CN10T. Variation
in G (filled), G” (empty), and tan é (gray) with angular frequency (rad/s) for BN40M,
CN40H, and CN10T at a strain of 1.0%.

networks include dominance of G’ during the frequency sweep
(Chen & Dickinson, 1998; Phillips & Williams, 2000; Yaszemski,
2003). The plots generated during the frequency sweep of BN40M,
CN40H, and CN10T (Fig. 7) suggest that these dispersions display
characteristics of weak gels. For example, G’ and G” display a slight
dependence on frequency and are parallel to one another during the
frequency sweep. Additionally, G’ dominates the entire frequency
sweep suggesting it also displays the characteristics of an entan-
glement network (Chen & Dickinson, 1998; Yaszemski, 2003). The
tan 6 of BN4OM, CN40H, and CN10T are greater than 0.1, suggesting
that they are at least partially characterized as weak gels (Mandala,
Savvas, & Kostaropoulos, 2004).

The results have demonstrated that the different methyl and
hydroxypropyl contents affect whether the dispersion is described
as a dilute solution, an entanglement network, a weak gel, or a
strong gel after gelation. The HPMC possessing the lowest M:HP
ratios (CN40H and CN10T) produced gels that resembled weak gels,
while the HPMC possessing the highest M:HP ratio formed the gel
that possessed both the characteristics of an entanglement net-
work and weak gel. The HPMC with the intermediate M:HP ratios
produced characteristics of an entanglement network. Overall, it
appears that the dispersion behavior during the frequency sweep
is dependent on the methyl content. The crossover occurs earliest
in CN40H then CN10T; the differences in methylation are 22.9% and
23.6%, respectively. Furthermore, BN4OM displays the characteris-
tics of a weak gel and an entanglement network.

4. Conclusion

The methyl and hydroxypropyl contents of HPMC affect its
gelling behaviors and structural properties. Hydroxypropyl groups
are a useful indicator of the crystalline nature of the HPMC accord-
ing to the data gathered by Raman. Furthermore, the crystallinity
patterns observed in Raman were useful in predicting the gel
strengths obtained during the strain-controlled frequency sweep.
Information of the crystalline content and methyl content can aide
in the selection of HPMC and preparation of gels that are ideal for
a particular industrial application. The distribution of the different
types of water appears to be independent of the substituent con-
tent or distribution, meaning that DSC is not a suitable method of
assessing the free water content of an HPMC gel. However, FT-IR
can be applied to assess the degree of methylation in an unknown
HPMC sample.
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