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Chapter 3 

PREDICTING THE DIFFUSION COEFFICIENT OF 

WATER VAPOR THROUGH GLASSY HPMC FILMS AT 

DIFFERENT ENVIRONMENTAL CONDITIONS USING 

THE FREE VOLUME ADDITIVITY APPROACH 
 

Abstract 

Prediction of diffusion coefficient of polymer materials is important in the pharmaceutical 

research and becomes the aim of this paper.  This paper bases the prediction method on the 

estimation of the polymer fractional free volume at different environmental conditions. 

Focusing on the glassy polymers, the free volumes of polymer films were estimated using the 

model of Vrentas, Duda et al. (Macromolecules, 1988, 21, 1470-1475). The required data are 

the moisture sorption and glass transition temperature data, which were measured on various 

hydroxypropyl methylcellulose (used as a model material) free films at different water 

activities. The temperature and molecular weight particularly determine the free volume of 

the polymer, while the sorbed water can either decease or increase the specific free volume of 

the polymer. At high water activity, the amount of water sorbed in the film increases to such 

level that the direct free volume addition by water becomes proportional to the contribution 

of the polymer itself. This confirms the importance of considering the environmental effect 

on the diffusivity of polymer during coating material selection. The presented approach 

enables the prediction of the diffusivity at any given relevant material variable and therefore 

has the potency to be used as a formulation development tool.  
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3.1. Introduction 

Polymers are widely used for functional encapsulation in the pharmaceutical products. 

The polymer coating can serve different purposes such as protection against the environment 

e.g. moisture and oxygen. The diffusion coefficient data of the relevant permeants through 

polymers is therefore an important criterion during material selection.  

A significant amount of water (one of the most common permeants for polymers) 

sorbed by polymers subjected to a wide range of storage conditions is well known to increase 

the diffusivity (69). When the extent of the impact of these factors on the diffusivity through 

the coating films can be predicted beforehand, the failure of the coating functionality after a 

certain period of storage can also be anticipated.  

When they adsorb water, glassy polymers may either stay in the glassy state or be 

shifted to rubbery polymers. Depending on the state of the polymer, water alters the physical 

properties of the polymers through different mechanisms. While the effect of water sorption 

on the diffusivity in polymers at the rubbery state has been established in the literature (88-

90), its effect on the diffusivity in polymers at the glassy state has yet not been fully 

understood due to the non-equilibrium character of the glassy state (91). This situation 

motivates this study to focus on glassy polymers, which are also often used for functional 

encapsulation.  

The volumetric (i.e. free volume) changes in the glassy polymers caused by the 

presence of a small molecule (like water and polymer additives) has been described by Zheng, 

Sauer, et al. (92) and Vrentas and Vrentas (93). These volumetric changes are correlated to the 

diffusivity in polymer, such as reported in several papers (94-97). In their models, the 

diffusion coefficient of a permeant is correlated to the fractional free volume (FFV) of the 

polymer. The free volume itself can be determined using methods such as positron 

annihilation lifetime spectroscopy (PALS) (98-99) or the method of Vrentas, Duda et al. (100), 

which relies on the specific (per unit mass) volume and the free volume of the different 

components in a polymer-solute mixture. The latter approach is applied in this study.  

The ultimate goal of this manuscript is to predict the diffusion coefficient of a 

permeant through an amorphous polymer film in the glassy state using the estimated 

fractional free volume of the polymer-solute mixtures at different relative humidities and 

temperatures. Hydroxypropyl methylcellulose (HPMC) was taken as a model material, which 

is one of the most commonly used materials in the pharmaceutical industries for film coating. 

This material takes up moisture through a wide range of RH levels, but it remains in the 
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glassy state, which makes it a suitable material for our study. The moisture sorption causes 

both the swelling of the films and the reduction of the glass transition temperature. Both of 

these effects are incorporated in the present free volume model by which the diffusion 

mechanism of moisture through the glassy HPMC films can also be elucidated. 

 

3.2. The Model 

 The FFV of polymer is defined as the ratio between the specific free volume of the 

polymer-solute system ( FHV̂ ) and the specific bulk volume of polymer films ( bulkV ,2̂ ), as given 

in Eq. 3-1.  

bulk,

FH

V̂
V̂FFV
2

=             (3-1) 

The definition of the FHV̂  is schematically given in Figure 3-1, while the bulkV ,2̂  is defined as 

the specific volume occupied by the polymer molecules including the free volume and pores 

contained in the free films. The calculation of the FFV as a function of moisture content in 

the polymer matrix and temperature, starts with the determination of several volumetric 

properties of the polymer. 

 

Figure 3-1. Schematic presentation of the different components constituting the volume of 
an amorphous polymer in the glassy state (left) and after addition of moisture (right) 
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Figure 3-1 schematically depicts the different components of which the volume of a 

film matrix consists. In this figure and the rest of this chapter, the superscript “0” denotes the 

specific volume of pure component, either of solute or of polymer, while the subscripts “1” 

and “2” denote the solute and the polymer, respectively. The subscripts “g” and “m” denote 

the glassy and mixture state, respectively.  

In a dry film, the total volume of the polymer consists of the specific occupied 

volume ( 0
2 occ.V̂ ) and the free volume of the pure polymer ( 0

2
ˆ
FHV ). The specific occupied 

volume of the polymer ( 0
.2̂ occV ) is defined as the volume occupied by the polymer molecules, 

which is impenetrable to other molecules. In this manuscript, it was considered to be the 

specific volume of polymer at 0 K (zero point volume), which is related to the Van der Waals 

volume ( 0
2 vdw.V̂ ) as depicted in Eq. 2 (101). The 0

2 vdw.V̂  was calculated using the additive group 

contributions method (102).  
0

2
0

2 31 vdw,occ, V̂.V̂ =                        (3-2) 

For systems such as our glassy HPMC-moisture system (so called the “wet” system), 

the total volume of the film ( TV ) is the sum of the specific occupied volume of polymer 

( 0
2 occ.V̂ ), the specific free volume of the polymer ( 2FHV̂ ), and the total volume of water, 

consisting the specific occupied volume of water ( 0
1 occ.V̂ ) and the specific free volume of 

water ( 0
1FHV̂ ). According to Maeda and Paul (103) and Vrentas, Duda et al. (100), the presence 

of bound water leads to reduction of the (free) volume in the polymer ( V̂Δ ), referred as the 

antiplasticization effect. As a consequence the free volume of the polymer in this system 

( 2F̂HV ) is lower than the free volume of the polymer in the dry system ( 0
2FHV̂ ). This specific 

free volume 2F̂HV  can be estimated using the definition that the total specific volume of 

polymer ( gV̂2 ) is the sum of the specific occupied volume ( 0
2 occ.V̂ ) and the specific free volume 

of the polymer ( 2F̂HV ), given in Eq. 3-3. This implies that to derive the 2F̂HV , both the 0
2 occ.V̂  

and the gV̂2  have to be initially determined.  

0
222 occ.gFH V̂V̂V̂ −=                         (3-3) 

The approach to estimate the specific volume of polymer in the polymer-solute 

system ( gV̂2 ) is schematically depicted in Figure 3-2, which also shows the definition of the 

symbols used. In this figure, the correlation between the specific volume of polymer and 
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temperature is illustrated. A dry polymer at a glass transition temperature (Tg2) has a specific 

volume of ( )2
0

2 gTV̂ . A temperature reduction to a temperature T leads to a volume change of 

this dry polymer according to Eq. 3-4.  

( ) ( )[ ]TTTV̂V̂ gggo,g −−= 222
0

2
0

2 1 α                      (3-4) 

Here, g2α  is the thermal expansion coefficient of the polymer in the glassy state. Using this 

equation, it is possible to calculate the specific volume of the pure polymer in the non-

equilibrium glassy structure ( 0
2 o,gV̂ ). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. Volume-temperature behavior of an amorphous polymer: ---, volume of 
equilibrium liquid; , volume of pure polymer glass;  _ , volume of polymer glass in mixture 
of polymer and solute. 
 

The presence of low molecular weight solute, such as water causes structural changes 

in the polymer, which reduces the glass transition temperature to Tgm. In addition, the specific 

volume of the polymer also changes from ( )2
0

2 gTV̂  to ( )gmTV̂2 . This volume change is 

governed by the thermal expansion coefficient of polymer in the liquid state ( 2α ), as given in 

Eq. 3-5.  

( ) ( ) ( )[ ]gmgggm TTTV̂TV̂ −−= 222
0

22 1 α          (3-5) 
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Changing the temperature of a polymer film containing a certain amount of moisture 

to a temperature below the glass transition temperature leads to a further decrease in the 

polymer volume, as given in Eq. 3-6. Here, it is assumed that the thermal expansion 

coefficient of the polymer in the glassy state ( g2α ) is neither affected by the presence of 

water nor by the molecular weight of the polymer.  

( ) ( )[ ]TTTV̂V̂ gmggmg −−= 222 1 α                      (3-6) 

In summary, the estimation of the gV̂2  starts with the determination of the ( )2
0

2 gTV̂ , 

followed by the calculation of the ( )gmTV̂2  and finally gV̂2 . In Figure 3-2, the difference 

between 0
2 o,gV̂  and gV̂2  ( V̂Δ ), which is the volume change of the polymer as an effect of 

antiplasticization and the corresponding free volume of polymer ( 2F̂HV ) are also depicted. 

When the gV̂2 is derived, the 2F̂HV  can be calculated (using Eq. 3-2), which together with the 

0
1FHV̂ sums up the total free volume of the polymer-solute mixture ( FHV̂ ), according to the 

rule of additivity shown in Eq. 3-7 (100). This total free volume was used to calculate the 

fractional free volume (FFV), which correlates to the diffusion coefficient of solute through 

a polymer film.   

22
0

11 FHFHFH V̂V̂V̂ ωω +=             (3-7) 

 

3.3. Materials and Methods 

3.3.1. Materials 

Hydroxypropyl methylcellulose polymers with different molecular weights (Methocel 

E5, E15 and E50, LV USP/ EP premium grades, Dow Chemical) were used as model 

coating materials. Their average molecular weights are 14637, 20227 and 28644 g/mole, 

respectively (104). This polymer contains in average 29% of methoxyl and 8.5% of 

hydroxypropyl groups (105), which structure is given in Figure 3-3. 

 

Figure 3-3. Chemical structure of hydroxypropyl methyl cellulose used in this study (104). 
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3.3.2. Methods 

3.3.2.1. Film Production 

HPMC was added to cold water (5% w/w water) and stirred for about 1 hour to 

assure a homogeneous solution. The HPMC solution was then poured into a mold made 

from High Density Polyethylene (HDPE), where the formed film could be easily removed 

after drying. Three different drying temperatures were used, i.e. room temperature (25°C), 

40°C and 60°C. Drying at room temperature, 40oC and 60oC lasted for 48, 16 and 8 hours, 

respectively. The films obtained had an average thicknesses between 80 and 100 μm, 

measured using a Mitutoyo micrometer.  

 

3.3.2.2. Determination of Moisture Sorption and Glass Transition Temperature 

The moisture sorption and the glass transition temperature of various free films 

equilibrated at different relative humidities were measured using the method described 

previously (106). 

 

3.3.2.3. Determination of Volumetric Properties 

The characterization of the volumetric properties of HPMC films comprises the 

determination of the specified occupied volume of polymer, the specific bulk volume of 

polymer film and the specific volume of HPMC films at room temperature (25°C) at 0% and 

53% RH. The specific occupied volumes of polymer ( 0
2 occ.V̂ ) were calculated according to Eq. 

3-2, described in Section 3.2. The results are listed in Table 3-1.  

 

3.3.2.4. Specific Bulk Volume of polymer film ( bulkV ,2̂ ) 

In this study, the specific bulk volume of polymer ( bulkV ,2̂ ) is defined as the volume 

occupied by the polymer molecules including the free volume and pores contained in the free 

films. The specific bulk volume of HPMC films was measured in triplicate by weighing and 

measuring the thickness of a piece of a free film, cut in a round form with a diameter of 2 cm. 

The measured values are given in Table 3-1. 

 

3.3.2.5. Specific Volume of HPMC films at room temperature 

The specific volumes of the HPMC-moisture mixture were determined using a gas 

pycnometer with nitrogen as the inert gas. Using this approach, it was assumed that nitrogen 
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can pass through the pores but not the polymer and the water contained in the polymer. 

Therefore, the volume measured is the sum of the polymer volume (both the occupied and 

the free volume) and the volume of the solute (also both its occupied and free volume). This 

also means that the volume measured for dry film refers to the specific volume of pure 

polymer at glassy state ( 0
2 o,gV̂ ), while the volume measured for “wet” film refers to the total 

volume of polymer-moisture system as described in Eq. 3-8. For this measurement, the dry 

films correspond to the film equilibrated at 0% RH, while the “wet” films were taken from 

the films equilibrated at 53% RH. 

( ) 0
11211 V̂V̂V̂ gpycnometer ωω +−=                       (3-8) 

 

Table 3-1. Data and variables used for the calculation of free volume and  
fractional free volume 

Variables Value / Formula 

ω1 (moisture content) Is a function of relative humidity (sorption 
isotherm) 

ω2 (polymer content) = 1- ω1 
Tg2 (glass transition temperature of pure 
polymer  

Taken as the glass transition temperature of free 
films at ω1 = 0 

Tgm (glass transition temperature of glassy 
polymer-solute mixture) 

Measured from HPMC free films containing 
different moisture contents. 

T (measurement temperature) 25°C 
α2g (coefficient of thermal expansion of 
glassy polymer) 2.746 + 0.168 x10-4 K-1 

α2 (coefficient of thermal expansion of liquid 
polymer) 4.8x10-4 K-1 (107) 

0
1FHV̂  (specific free volume of water) 5.917x10-7 m3/g (108) 

0
2 occ,V̂ (specific occupied volume of polymer) For HPMC E5   = 6.820x10-7 m3/g 

For HPMC E15 = 6.958x10-7 m3/g  
For HPMC E50 = 7.064x10-7 m3/g 

bulkV ,2
ˆ (specific bulk volume of polymer) For HPMC E5   = 1.057x10-6 m3/g 

For HPMC E15 = 1.015x10-6 m3/g  
For HPMC E50 = 9.890x10-7 m3/g 

( )2
0

2 gTV̂  (specific volume of pure polymer at 
its glass transition temperature) 

For HPMC E5   = 7.741x10-7 m3/g 
For HPMC E15 = 7.794x10-7 m3/g  
For HPMC E50 = 7.821x10-7 m3/g 

 

The measurements were performed using a pycnometer from Micromeritics type 

Accupyc 1330 set at a pressure of 132.4 kPa. The sample holder of 12.56 ml volume was 

filled with polymer films to about 2/3 of the total volume and accurately weighed. For each 

sample, the equipment was set to automatically measure the density threefold. The loss of 
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moisture after the measurement was less than 0.04%, implying that the drying effect during 

the test was negligible. 

 

3.3.2.6. Determination of Diffusion Coefficient of Water Vapor through HPMC Films 

The diffusion coefficients were measured according to the method described in 

Laksmana et al. (2008). 

 

3.4. Results and Discussion 

3.4.1. Estimation of the specific volume of pure polymer at its glass transition 

temperature ( ( )2
0

2 gTV̂ ) 

The used model (Section 3.2) reveals that the estimation of the specific volume of 

glassy polymer in the polymer-solute mixture ( gV̂2 ) comprises of a two-step calculation (Eqs. 

3-5 and 3-6). It starts with the estimation of the specific volume of pure polymer at its glass 

transtition temperature ( ( )2
0

2 gTV̂ ) (see Figure 3-2, which also defines the symbols). In this 

study, the ( )2
0

2 gTV̂  was estimated using the definition given in Eq. 3-4. Here, the coefficient 

of thermal expansion of glassy HPMC polymer ( g2α ) was required. Since this coefficient has 

not been reported in literature, it was estimated. The estimation was performed using the 

correlations between the 0
2 o,gV̂ and the gV̂2 with the ( )2

0
2 gTV̂  given in Eqs. 3-4 to 3-6. 

Substituting the ( )gmTV̂2  in Eq. 3-6 with Eq. 3-5 leads to a correlation between the gV̂2  and 

the ( )2
0

2 gTV̂ . Further, using Eq. 3-4, the ( )2
0

2 gTV̂  in the derived equation is substituted, 

resulting in Eq. 3-9. 

( ) ( ) ( )( )( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−−+−−−=−+− TTTTTTTT

V̂
V̂

TT
V̂
V̂

gmgmggmg
go

g
ggmg

go

g
2220

2

2
2220

2

2 1 ααα         (3-9) 

Using the 0
2 o,gV̂ and the gV̂2  (which is the %,gV̂ 532 ) data measured using the 

pycnometer method, the g2α  was estimated using Eq. 3-9. The data were taken from nine 

different films made of 3 different HPMC grades and at three different drying temperatures. 

The g2α was estimated to be 2.746 + 0.168 x10-4 K-1. This value is about the half of the 

coefficient of thermal expansion of liquid HPMC polymer ( 2α ). This ratio between the 

thermal expansion of liquid and solid polymer has been commonly reported for other types 
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of polymers in the Polymer Handbook (109). Compared to these data, the estimated 

g2α seems to be reasonable. The calculated values of the ( )2
0

2 gTV̂  are shown in Table 3-1.   

 

3.4.2. Estimation of the specific volume of polymer in the glassy polymer-solute 

mixture ( gV̂2 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3-4. The moisture sorption (A) and the glass transition temperature (B) of HPMC 
films at different relative humidities 
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Having the required constants ( 2α  and g2α ) and the ( )2
0

2 gTV̂  values, it is now 

possible to estimate the gV̂2 . The moisture sorption isotherms and the glass transition 

temperature data used for the calculation are shown in Figure 3-4(A) and (B), respectively. 

Basically, there are 2 factors influencing the specific volume of polymer in the glassy 

polymer-solute mixture ( gV̂2 ), i.e. (i) the specific volume of the pure polymers and (ii) the 

moisture content.  

 

3.4.2.1. Correlation between the gV̂2  and the 0
,2̂ ogV  

As shown in Figure 3-2, the reduction in the specific volume of polymer in the glassy 

polymer-solute mixture ( gV̂2 ) due to the decrease of temperature is actually due to the effect 

of temperature in the specific volume of pure glassy polymer ( 0
,2̂ ogV ), assuming a constant 

g2α . In Figure 3-5, the correlation between the 0
,2̂ ogV  and temperature is illustrated. In this 

figure, it can also be seen that the drying temperatures used to prepare the HPMC films only 

have a small influence on the correlation between the specific volume of pure glassy polymer 

( 0
,2̂ ogV ) and storage temperatures. 

 

Figure 3-5. Influence of temperature on the specific volume of the pure glassy HPMC films. 
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The grade (molecular weight) of the HPMC used has a larger effect on the correlation 

between the 0
,2̂ ogV  and temperature than the drying temperature used in the film production. 

For this reason, the focus in the remaining of this chapter will be on the impact of molecular 

weight. As g2α is independent from molecular weight, the impact of temperature for different 

grades of HPMC films is demonstrated to be the same. 

 

3.4.2.2. Correlation between the gV̂2  and moisture content 

Due to the strong interaction between the HPMC and moisture, the glass transition 

temperature of the HPMC films decreases and thereby the specific volume of the polymer in 

the polymer-solute mixture ( gV̂2 ) is reduced. The glass transition temperatures of HPMC 

containing different moisture contents were determined, together with the specific volumes 

of the polymer at room temperature (25°C).  

Figure 3-6 depicts the calculation steps and it shows a typical example of how the 

increase in moisture content lowers the glass transition temperature of the HPMC-moisture 

mixtures (Tgm) and therefore reduces the specific volume of HPMC in the HPMC-moisture 

mixtures ( gV2
ˆ ). Furthermore, the comparison of the gV2

ˆ  to the values of the corresponding 

specific volume of pure HPMC in glassy state ( 0
,2̂ ogV ) and at glass transition temperature 

( )T(V̂ g2
0

2 ) and the specific occupied volume of HPMC ( 0
2 occ,V̂ ) are also illustrated in this plot. 

The data values used for this plot are given in Table 3-2. The computation results of the gV2
ˆ  

for other HPMC films with various moisture contents at 25°C are shown in Figure 3-7 (left).  

At different temperatures, the amount of moisture sorbed in the films also differs. 

Correspondingly, the glass transition temperature of the HPMC-moisture mixture (Tgm) also 

changes according to the amount of moisture sorbed in the film. In this study, the Tgm were 

measured for HPMC films equilibrated at various RH’s at 25°C. The correlation between the 

Tgm and moisture content obtained from this measurement also applies for HPMC films 

stored at different temperatures as this correlation is not a function of temperature. This 

leads to the possibility to estimate the Tgm of films equilibrated at various RH’s and at 

temperatures other than 25°C, as long as the moisture content in the film at the 

corresponding environmental conditions is known.   
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Figure 3-6. Typical volumetric behavior of HPMC films at different temperatures and 
moisture contents (taken from the data of HPMC E5 film dried at 60°C, cast and uncross-
linked). 

 

 
Figure 3-7. Specific volume of various HPMC films containing different moisture content 
and at different temperatures. 
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Table 3-2. Example of calculation results of the fractional free volume of HPMC films 
equilibrated at different water activities at 25°C (taken from HPMC E5 films dried at 60°C). 

Ratio of contribution of 

ω1 

 

Tgm 

 
( )gmTV̂2

 x10-9 

( )TV̂ g2

 x10-9 
)T(V̂FH

0
2

 x10-9 

2FHVΔ
 due 
to 

anti-
plastic
ization

x10-9 

2FHVΔ
due 
to 

free 
water 
x10-9 

Total 
FFV 

 

0
2FHV̂  2FHVΔ

due to 
anti-

plastici-
zation 

2FHVΔ
 due 
to 

free 
water 

 
 (K)  (m3/  (m3/g)    on the total FFV 

0.0% 451.0 773.1 740.6 58.59 0.00 0.00 5.5% 100% 0% 0%
0.8% 446.5 771.4 734.0 58.59 -0.64 4.94 5.9% 93.1% -1.0% 7.9%
1.8% 442.0 769.8 739.3 58.59 -1.29 10.41 6.3% 86.3% -1.9% 15.6%
2.8% 439.6 768.8 739.0 58.59 -1.65 16.60 6.8% 79.2% -2.3% 23.1%
4.0% 437.3 768.0 738.7 58.59 -1.98 23.72 7.4% 72.0% -2.5% 30.4%
5.4% 430.7 765.5 737.7 58.59 -2.95 32.11 8.0% 65.4% -3.5% 37.9%
7.1% 422.1 762.3 736.4 58.59 -4.23 42.26 8.8% 58.7% -4.6% 45.6%
9.3% 410.5 758.1 734.7 58.59 -5.97 54.94 9.7% 51.8% -5.8% 53.5%

12.1% 394.4 752.1 732.2 58.59 -8.43 71.40 10.9% 44.6% -7.3% 61.8%
 

In this study, the moisture sorption isotherms at various temperatures were estimated 

using the GAB Guggenheim-Anderson-de Boer (GAB) equation (Eq. 3-10) (110-112). In this 

equation, the dependency of the GAB constants on temperature is assumed to follow an 

Arrhenius equation (113). Fitting the moisture sorption isotherm data at 25°C, the parameters 

mw  (the monolayer capacity), CgHΔ  (the difference in enthalpy between monolayer and 

multilayer sorption), and kHΔ  (the difference between the heat of condensation of water and 

the heat of sorption of a multimolecular layer) were derived (listed in Table 3-3). Using these 

constants, the moisture sorption isotherms of various HPMC films at temperatures other 

than 25°C were estimated according to Eq. 3-10. In this equation, w and aw are the amount of 

moisture sorbed in the film (w/w film) and water activity, respectively. 
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                      (3-10) 

Using the determined the Tgm, the gV̂2  of various HPMC films at different moisture contents 

and temperatures were calculated (according to Eq. 3-5 and 3-6), which results are presented 

in Figure 3-7 (right).   
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Table 3-3. GAB fitting constants for various HPMC films made 
 at different drying temperatures 

Material Tdrying (°C) Wm 
CgHΔ  kHΔ  

25 0.0621 1353.0326 -575.5756 
40 0.0814 803.8153 -857.4135 

HPMC E5  

60 0.0503 1444.6737 -360.3730 
25 0.0759 431.2233 -629.9492 
40 0.0543 1644.0544 -504.9855 

HPMC E15 

60 0.0561 1563.5785 -545.1206 
25 0.0784 557.1271 -616.8794 
40 0.0616 729.2134 -425.4367 

HPMC E50  

60 0.0520 561.0839 -270.2907 
 

3.4.3. Estimation of Fractional Free Volume of HPMC Films (FFV) 

 Variation in the specific volume of polymer in the glassy polymer-solute mixture ( gV̂2 ) 

results in changes of the free volume of the polymer ( 2FHV̂ ). Combining the results from the 

estimation of 2FHV̂ with the free volume of water ( 1FHV̂ ), it is possible to calculate the total 

free volume and thus the FFV of HPMC films, as described in Figure 3-1. Figure 3-8 shows 

the calculated FFV of various HPMC films as function of moisture content and temperature. 

The HPMC films with higher molecular weights (HPMC E15 and E50) have higher 

specific volumes ( gV2̂ ) than those of the glassy HPMC E5-moisture mixtures (see Figure 3-7). 

In contrast, the FFV decreases with the increase of molecular weight, as seen in Figure 3-8.  

Along with the increase of gV̂2 , other specific volume related properties, especially the 

specific occupied volume ( 0
.2̂ occV ) also increases (see Table 3-1). As the FFV is calculated from 

the difference between the specific volume of glassy polymer-solute mixture ( gV2̂ ) and the 

0
.2̂ occV , when the increase in the 0

.2̂ occV  is higher than the increase in the gV2̂ , the FFV will be 

reduced, as demonstrated in this study. At a temperature below the glass transition 

temperature, the rearrangement of the molecular chains occurs very slowly and therefore the 

polymer is in the non-equilibrium state. This explains why the molecular weight has less 

influence on the kinetics of this process, resulting in less impact on the specific volume of 

polymer in the glassy polymer-solute mixture than on the specific occupied volume of the 

polymer. 
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Figure 3-8. Fractional free volume of different grades - HPMC films containing different 
moisture contents and at different temperatures. 
 

3.4.4. Prediction of Diffusion Coefficient of Moisture through HPMC Films   

The diffusion of small molecules through a polymer film is assumed to occur through 

the free volume in the film (94-97). The diffusion coefficient of moisture through various 

HPMC films at 25°C and the corresponding FFV of the films are given in Figure 3-9. The 

correlation was found to be a step-wise correlation and consistent for various HPMC films 

made at different drying temperatures and molecular weights. For films with FFV lower than 

+8%, the diffusion coefficient of water vapor through the HPMC films is close to constant. 

Above this FFV level, the moisture diffusivity through the HPMC films seems to follow an 

exponential correlation with the FFV.  

The obtained correlation between the diffusion coefficient and FFV was further used 

to estimate the diffusion coefficient at different moisture contents and temperatures. The 

results are shown in Figure 3-10 as the continuous surface plot. To validate the model, 

diffusion coefficients of moisture through HPMC E5 films at 40°C were measured. Figure 3-

10 (top-left) shows the correlation between the measured and the predicted values of the 

diffusion coefficient of moisture through HPMC E5 films at 40°C. The plot confirms that 

the model predicts the diffusion coefficient at this temperature rather well, with a correlation 
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coefficient (R2) around 0.99 was found. This implies that suitability of the present model to 

predict the diffusion coefficient at various storage conditions. 
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Figure 3-9. Correlation between the diffusion coefficient of moisture and the FFV of 
HPMC films (measured at 25°C). 
 

 
Figure 3-10. Estimation of the impact of moisture content and temperature on the moisture 
diffusivity through HPMC E5 films. 
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Our theoretical as well as our experimental results show that in order to lower the 

diffusion coefficient, the fractional free volume in the film has to be reduced. When the film 

is dry, the FFV is determined purely by the type of polymer, its molecular weight and the 

storage temperature. As shown in Figure 3-8, the FFV of the polymer decreases with the 

increase of polymer molecular weight. Therefore, when it is not possible to select another 

type of material, a polymer with a high molecular weight should at least be chosen rather than 

the low molecular weight grade, to obtain maximum protection of a core material. 

Once water is present in the film, the moisture content significantly affects the FFV. 

When water is bound into the polymer, it reduces the free volume of the polymer, shown in 

negative values as given in Table 3-2. When the amount of water is excessive, water directly 

adds the free volume of the total film. This volume addition is much higher than the volume 

reduction due the bound water (see Table 3-2). As a result, the total free volume increases 

tremendously with the increase in moisture content. At this point, the contribution of water 

to the total FFV is proportional to the contribution of the polymer itself (see the ratio of the 

FFV contributed by the polymer compared to the FFV contributed by free water given in 

Table 3-2). This implies that for a reproducible performance of the film, the storage 

conditions of the coating films, i.e. RH and temperature should be well controlled. 

       

3.5. Conclusions 

In this paper, a volume additivity-based approach to estimate the fractional free 

volume (FFV) of HPMC films stored in a wide range of relative humidities and temperatures 

is presented. The estimation is straight-forward, incorporating the sorption-isotherm and the 

glass transition temperature data for films with different solute contents. The FFV of HPMC 

films was found to be determined by the moisture content, storage temperature and the 

molecular weight of HPMC. A correlation between the diffusion coefficient of moisture 

through the HPMC films and the FFV was found. This enables the estimation of diffusion 

coefficient of moisture through the HPMC films at different environmental conditions. It can 

further be stated that considering its accessibility, this approach offers a rapid prediction of 

diffusion coefficient, which can be useful during the formulation and the stability evaluation 

of a coating material. 
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