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A B S T R A C T

Hydroxypropyl cellulose (HPC) is a water-soluble polymer with many applications in 2ood,

pharmaceutical, medical, or paints industries. Past studies have reported that di22erences in

2unctionality can occur between products o2 similar pharmaceutical grades. Understanding the

origin o2 these di22erences is a major challenge 2or the industry. In this work, the structure and

physico-chemical properties o2 several HPC samples o2 the same commercial grade were studied.

Structural analysis by NMR and enzymatic hydrolysis were per2ormed to study molar substitution

and distribution o2 substituents along the polymer chain respectively. Water-polymer in-

teractions, sur2ace properties as well as rheological and thermal behavior were characterized to

tentatively correlate them with the structure, and gain new insights into the structure-2unction

relationship o2 this polymer. The di22erences in structure revealed between the samples a22ect

their properties. The unexpected behavior o2 one sample was attributed to a more heterogeneous

substitution pattern, with the coexistence o2 highly and weakly substituted regions along the same

polymer chain. The more block-like distribution o2 substituents has a great e22ect on the clouding

behavior and sur2ace tension reduction ability o2 the polymer.

1. Introduction

Hydroxypropyl cellulose (HPC) is a cellulose derivative in which some o2 the hydroxyl groups in the repeating glucose units have

been hydroxypropylated. The resulting non-ionic polymer is soluble in water below its critical solution temperature and in many

organic solvents [1]. The main 2eatures o2 HPC are its great sur2ace properties [2] and its good Ylm 2orming ability [3] compared to

other cellulose ethers. Due to its unique properties, HPC has a wide range o2 industrial applications such as use in pharmaceutical

tablets [4], ophthalmic inserts [5], smart windows [6], and as emulsiYer/stabilizer in the 2ood industry [7].

Like many other cellulose ethers, HPC is typically prepared by nucleophilic reaction o2 cellulose hydroxyl groups with electrophiles

such as alkyl halides or epoxides [8]. The reaction is per2ormed under heterogeneous conditions by a slurry process where cellulose is
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dissolved in aqueous sodium hydroxide, in the presence o2 an organic solvent [9]. Due to the fexibility o2 this manu2acturing process,

HPC can be obtained in several grades. The reaction rate as well as the number o2 substituents at positions 2, 3 and 6 is dependent on

the alkali concentration [9]. Furthermore, the native cellulose materials greatly di22er in structure depending on their origin [10], and

the reaction with the electrophile tends to proceed 2aster in the amorphous regions than in the crystalline region [11]. As a result,

cellulose ethers are thought to have an unbalanced distribution o2 substituents, with highly and poorly substituted regions existing on

the same cellulose chain [12]. Commercial HPCs are typically characterized by average values o2 MW, hydroxypropoxy content (%),

particle size, and viscosity, thus not accounting 2or the variability that may exist within the sample.

Some authors have already reported that di22erences in properties can occur between products 2ormulated with hydrox-

ypropylmethyl cellulose (HPMC) o2 similar pharmaceutical grades [13]. It was reported that HPMC with the same substitution and

viscosity grade can have signiYcantly di22erent cloud points (CP) [14] or polymer release 2rom matrix tablet [15,16]. HPC has received

much less attention in the literature, but a study o2 Desai et al. suggests that such di22erences may also exist between HPCs o2 the same

grade [17]. They studied the e22ect o2 HPC on the dissolution o2 pharmaceutical tablets and reported di22erences in per2ormance

between HPCs 2rom di22erent suppliers that both met the National Formulary criteria. These di22erences in properties between ma-

terials o2 same grade represent a challenge 2or the industry, and the current knowledge on this subject still contains many grey areas.

The distribution o2 substituents within the anhydroglucose unit and molecular chain is known to be an important parameter

determining the physico-chemical behavior o2 cellulose derivatives in general [18]. The chain architecture a22ects the inter- and

intramolecular hydrogen bonding 2ormation, which impact a series o2 parameters such as solubility, crystallization, chemical reactions

o2 hydroxyl groups [19] and gelation [20]. The knowledge about the impact o2 structure on the 2unctionality o2 HPC has been

increasing over the years. The infuence o2 the molar substitution (MS) andMW is 2airly well established. The relationships betweenMS

and (i) the interaction with water and the equilibrium moisture content [21,22], (ii) the glass transition temperature [23], and (iii) the

CP [22] were established a long time ago. The MW o2 the polymer is known to be positively correlated with the viscosity o2 aqueous

solutions, and that shorter chain polymers (lower MW) show less shear thinning [7]. The impact o2 MW on sur2ace tension (SFT) was

also investigated [24]. The authors reported that MW has a signiYcant e22ect on the adsorption kinetics at the inter2ace; lower MW

molecules decreased the SFT 2aster, which was attributed to their higher di22usion coe2Ycient. On the other hand, the MW had little

infuence on the SFT at equilibrium. A link between the CP and the distribution o2 substituents along the polymer chain has been

suggested by Schagerlõ2 et al. (2006) [25]. However, the consequences o2 di22erences in distribution o2 substituents along the polymer

chain and the impact on important 2unctional properties such as sur2ace-activity, and rheological behavior has o2ten been overlooked.

Most studies investigating the link between structure and 2unction have 2ocused on HPC-water interactions [21,26,27] or dissolution

2rom tablet [17,28]. Since the 2unctionality o2 these polymers is largely dictated by their structure, a more detailed study o2 the

structure-properties relationship is required. Accordingly, the aim o2 this paper was to identi2y the origin o2 these di22erences, as well as

to provide a better understanding o2 the structure-2unction relationship o2 this polymer.

2. Experimental section

2.1. Materials

All HPC investigated met the same technical speciYcations: average MW: 620,000 Da, viscosity (2%, 25
±
C): 200–400 mPa s, MS:

3.5–4.1. Microcrystalline cellulose Avicel® PH-101 (MCC) was used as re2erence material in powder X-ray di22raction and NMR an-

alyses. HPC solutions were prepared by dispersing the required amount o2 HPC in ultrapure water (18.2 MΩ�cm, RephiLe Bioscience) at
room temperature. Solutions were kept under agitation 2or at least 2 h and stored overnight to ensure complete hydration be2ore use.

2.2. Structural determination

2.2.1. Molar substitution

The MS was determined by proton nuclear magnetic resonance (
1
H NMR). HPC samples were prepared by dissolving 15 mg o2 the

product in 1 ml o2 20% deuterium chloride (DCl). Samples were hydrolyzed at 50
±
C 2or 96 h be2ore measurements. The

1
H NMR

spectra were recorded at 700 MHz using a Bruker Advance III HD instrument, equipped with a cryoprobe TCI. Substitution was

calculated as 2ollows:

HM+
/
AC2
�
2
� /

yC≈0( (1)

2.2.2. Heterogeneity in substitution

The heterogeneity in the substitution pattern was determined by enzymatic hydrolysis 2ollowed by determination o2 reducing

sugars (RS) content. The hydrolysis was carried out according to a method adapted 2rom Virid�en, Larsson, & Wittgren (2010) [29].

Samples were dissolved in 5 mM NaOAc (pH adjusted to 5.0) at a concentration o2 1 mg/ml 20 U o2 endo-1,4-β-D-glucanase 2rom
Trichoderma longibrachiatum (Megazyme, Ireland) were added to 2 ml o2 samples. Hydrolysis was per2ormed at 30

±
C 2or 48 h, under

constant stirring. RS determination 2ollowing enzymatic hydrolysis was per2ormed by the DNS assay according to a method adapted

2romWood& Bhat (1988) [30]. 0.9 ml o2 DNS reagent was added to an aliquot o2 0.3 ml o2 hydrolyzed samples. Solutions were Yltered

on 0.45 μm Ylter, and test tubes were placed in a boiling water bath 2or 5 min. Samples were cooled down to room temperature and

absorbance was read at 540 nm. The blanks was the HPC solutions without enzymes. Calibration curve was established with glucose
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between 0.05 and 0.6 mg/ml.

2.3. Powder characterization

2.3.1. Crystallinity

The crystallinity o2 the HPC powders was determined by powder X-ray di22raction using a Bruker D8-Advance Di22ractometer

coupled with a Lynxeye detector (Bruker, Germany). The di22ractograms were recorded in the range o2 2θ�2rom 5 to 40
±
with 1128 steps

and a time per step o2 5 s. Crystallinity index (CI) was calculated by the peak height method adapted 2rom Segal, Creely, Martin, &

Conrad, (1959) [31]:

≈ %%1�  4H( <  %%1( − 0%% (2)

I002 + peak intensity 2rom the (002) lattice plane (2θ�+ 20.2
±
2or HPC, 22.5

±
2or MCC).

I4H�+ peak intensity 2rom amorphous phases (2θ�+ 12.0
±
2or HPC, 18.0

±
2or MCC).

The d-spacings (d), representing the interplanar distances were calculated according to the Bragg equation:

kλ+ 1a rei θ (3)

n + an integer representing the di22raction order.

λ�+ wavelength o2 the X-ray

d + interplannar distance in the crystal lattice.

θ�+ the angle between incident ray and the scatter plane

2.3.2. Dynamic vapor sorption (DVS)

Moisture sorption isotherms were obtained using a DVS Advantage instrument (Sur2ace measurements systems, United-Kingdom).

Experiments were conducted at 25
±
C on a sample mass o2 approximately 100 mg. The device measures sample mass while controlling

relative humidity (RH) in sample chamber. Relative humidity is controlled by modulations o2 two fows: saturated water vapor, and

dry nitrogen. The relative humidity was changed in 3% steps 2rom 0 to 30%, and in 10% steps 2rom 30% to 90%. Ameasurement is also

made at 95%. Both sorption and desorption have been measured. Equilibrium was assumed when there was a weight change o2

�0.002% over a period o2 10 min.

2.3.3. Hydration rate

The hydration rate was estimated by the rate o2 development o2 solution viscosity. 1 wt% solutions were prepared by dispersing

HPC in ultrapure water. The solutions were then kept under stirring at room temperature, and their viscosity was measured a2ter

di22erent hydration times. Dynamic viscosity was measured at 25
±
C, shear rate + 1000 s

�1
using a MCR302 rheometer (Anton Paar,

Austria) equipped with a CP50/1 probe. Since the solution viscosity develops when the molecules are solubilized and hydrated

properly, the measurement o2 viscosity over time can be used as a tool to evaluate the hydration rate. Hydration rate was calculated as

2ollows:

CtaoSseni oSsd ≈ (+ ≈≈I0�I%( < ≈ I13 �I%((− 0%% (4)

V0 + viscosity o2 ultrapure water at 1000 s
�1
(mPa s).

V1 + viscosity o2 the solution a2ter 1 h hydration at 1000 s
�1
(mPa s).

V24 + viscosity o2 the solution a2ter 24 h hydration at 1000 s
�1
(mPa s).

2.4. Surface properties

2.4.1. Static surface tension

Static SFT measurements were per2ormed according to the Wilhelmy plate method using a Tensimat Prolabo No. 3 (Prolabo,

France). SFT was determined a2ter a 30 min equilibration period 2rom the 2orce applied to the platinum plate. The accuracy o2 the

instrument was checked by ensuring that a value o2 72.0 mN/m was obtained 2or milliQ water.

2.4.2. Dynamic surface tension

The dynamic SFT o2 0.20 wt% HPC aqueous solutions was measured at 25
±
C with two complementary devices. The SFT under very

short adsorption times (2rom 0.010 to 10 s) was measured using a BP 100 bubble pressure tensiometer (Krüss, Germany), equipped

with a 0.250 mm glass capillary. A DVT50 drop volume tensiometer (Krüss, Germany) was used to investigate SFT over a larger time

scale (≤5–250 s). The apparel was equipped with a 250 μl syringe and a 2.986 mm diameter metal capillary. Equilibrium SFT was

calculated 2rom the values obtained 2rom the last 5 drops by extrapolating the SFT to time t ’�∞�in the σ�� t
�1/2

curves [32].

2.4.3. Surface hydrophobicity

The sur2ace hydrophobicity (SH) o2 HPC samples was assessed by fuorescence spectroscopy. HPC solutions were titrated using 8-

anilinonaphthalene-1-sul2onic acid (ANS) as a hydrophobic probe. Small aliquots o2 ANS were successively added to 2 ml o2 0.2 wt%

HPC solutions to reach ANS concentration o2 0, 20, 40, 60, 80, 100, and 120 μM. Samples were excited at 390 nm and emission spectra
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were acquired 2rom 400 to 650 nm with a FluoroMax-4 spectrofuorometer (Horiba Jobin Yvon, France). A2ter titration, the binding

parameters were established. Fmax corresponds to the maximum attainable fuorescence at saturating ANS concentration. It is an

indication o2 the number o2 hydrophobic sites accessible to the spectroscopic marker [33]. Kd is the apparent dissociation constant o2 a

supposedly monomolecular HPC-ANS complex. It corresponds to the ANS concentration required to reach Fmax/2 due to Michea-

lis–Menten kinetics [34]. The sur2ace hydrophobicity was calculated as SH + Fmax/Kd. [HPC].

2.4.4. Surface dilatational rheology

An automated drop tensiometer (Tracker, Teclis ScientiYc, France) was used to investigate the infuence o2 HPC on inter2acial

rheology. A 5 μl air bubble was created in the surrounding HPC solution using a U-shaped capillary. The evolution o2 SFT over time was
2ollowed by drop shape analysis. A steady state was assumed a2ter 15min, and sinusoidal de2ormation with a volume amplitude o2 10%

and a 2requency o2 0.1 Hz was applied to the bubble 2or 100 s. The SFT (σ) was recorded against sur2ace area (A), and the dilatational
sur2ace modulus (E) was determined as E + dσ/dA. Measurements were carried out at 25 ±

C.

2.5. Rheological behavior

Rotational viscosity analysis was carried out using a MCR302 rheometer (Anton Paar, Austria) equipped with a Peltier temperature

control system. The instrument operated in a cone-plate geometry, with a CP50/1 probe (50 mm diameter, cone angle o2 1
±
, and gap o2

0.102 mm). Measurements were per2ormed at 25
±
C and samples were rested 2or 5 min be2ore analysis to allow temperature equili-

bration. Shear rate was increased with a linear ramp 2rom 0 to 1000 s
�1
. The rheological data o2 the solutions was modeled according

to the Herschel-Bulkley model:

τ+ τ% ) V n̂k (5)

τ�+ shear stress (Pa).

τ0 + yield stress (Pa).

k + consistency index (Pa.s
n
).

n̂�+ shear rate (s
�1
).n + fow index (dimensionless).

2.6. Cloud point

The CP o2 the polymer was determined by light transmittance analysis using a UV–vis spectrophotometer (Hitachi U 2900, Tokyo
Japan). Polymer solutions (0.1 wt%) were heated 2rom 35 to 55

±
C, at a heating rate o2 0.2

±
C/min, and the transmittance was

measured at λ�+ 600 nm. The CP was determined as the temperature at which the transmittance was reduced to a value o2 95%.

3. Results and discussion

A total o2 6 HPC samples were considered. These samples were discriminated based on their static SFT, CP 2rom suppliers, and the

relationship between these two parameters (Fig. 1). Two groups o2 HPC could be distinguished: HPC#1, #2 and #6 had a low SFT

associated with a low CP, and HPC#3 and #4 had a higher SFT with a higher CP. The correlation between static SFT and CP based on

these 5 samples was very good (R
2 + 0.991). Surprisingly, one sample (HPC#5) deviated 2rom this relationship. These preliminary

results highlights that the relationship between the sur2ace-activity o2 an HPC and its CP is not so straight2orward, which emphasizes

the relevance o2 a more detailed study. Three samples with distinct properties, namely HPC#1, #3, and #5 were selected 2or 2urther

analysis. An analysis o2 the structure o2 these samples was per2ormed, and their properties were determined in more depth in order to

possibly correlate the structure to the 2unctionality o2 these molecules.

Fig. 1. Cloud point o2 HPC samples as a 2unction o2 their static sur2ace tension (25
±
C).

G. Cremer et al.
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3.1. Structural determination

3.1.1. Number/position of the substituents

1
H NMR and two-dimensional NMR experiments (edited HSQC) were per2ormed to gain structural in2ormation. Edited HSQC al-

lows the discrimination o2 CH2 2rom CH/CH3. Since the methyl groups come only 2rom the hydroxypropyl chains, the abundance o2

substituents is determined by comparing the CH3/H1 ratio using Eq. (1). The
1
H NMR spectra o2 HPC#1, HPC#3, and HPC#5 are

displayed in Fig. 2A, B, and 2C respectively. The spectrum o2 MCC was determined 2or comparison (Fig. S1). The substitution was

evidenced by the decrease o2 the intensity o2 the anomeric protons peaks, the increase o2 the intensity o2 the peaks in the H (2–6)
region, as well as the appearance o2 an intense peak, corresponding to CH3. The methyl groups appeared as doublet at 0.96 ppm. The

C1 cellulose protons appeared as two groups o2 peaks, corresponding to the two anomeric 2orms at 4.35–4.60 (H-1(β)) and 4.90–5.30
ppm (H-1(α)). The methylene groups were low-shi2ted and appeared as multiplet at 3.10–4.00 ppm. The results indicate that the three
HPCs are highly substituted, with MS worth 7.1 2or HPC#1, 6.5 2or HPC#3, and 6.9 2or HPC#5. These calculated MS values are larger

than values provided by suppliers (MS + 3.5–4.1). However, similar values have already been reported by Fettaka et al. (2011) when
determining the MS with the same analytical technique (

1
H NMR) [35]. Heteronuclear single quantum coherence experiments

(1H–13C HSQC) were also per2ormed to gain insight into proton-carbon single bond correlations (Fig. S2). The CH2OH signals that

were visible in the MCC spectrum were no longer visible in the HPC samples, but di22erent CH2O-R signals appeared, indicating a high

degree o2 substitution. In the meantime, the CHOH signals in HPCs were shi2ted compared to the cellulose; it is thus very likely that the

modiYcation also concerns the CHOH, not only the CH2OH. This observation indicates that several substituents are gra2ted at each

position, which is in line with their large molar substitution.

3.1.2. Heterogeneity in substitution

It has been previously demonstrated that the ability o2 speciYc enzyme to degrade cellulose ethers is dependent on the substitution

pattern. This technique has already been applied success2ully to HPC [25] as well as to other cellulose ethers such as methylcellulose

[36] and hydroxypropylmethyl cellulose [14]. The presence o2 substituents cause steric hindrance which prevent the enzyme to bind to

the catalytic site on the anhydroglucose unit [37]. The amount o2 RS released a2ter the hydrolysis greatly di22ered 2or the three samples,

which refected important di22erences in terms o2 enzymatic degradation. HPC#1 was most weakly degraded by the enzyme, releasing

a very small amount o2 RS (0.087 × 0.002 mg/ml). HPC#3 experienced a somewhat higher degradation, producing a slightly higher

amount o2 RS (0.119× 0.003 mg/ml). This is likely to be due to its slightly lower amount o2 substituents. HPC#5 exhibited the highest

amount o2 RS a2ter enzymatic hydrolysis (0.206 × 0.004 mg/ml). It released almost twice as much RS as the others, while having the

lowest MS, which suggest that the substitution pattern is more heterogeneous in HPC#5. It could combine highly substituted and low

substituted regions. The enzymatic degradation would proceed to a larger extent in the low substituted regions, there2ore yielding a

higher amount o2 RS. A representation o2 the presumed structure o2 the three samples studied is shown in Fig. 3.

3.2. Physico-chemical characterization

3.2.1. Powder properties

3.2.1.1. Crystallinity. The crystallinity was investigated to provide data about the order o2 molecular arrangement in the powder

particle matrices. It is known that the solubility o2 HPC is 2acilitated by their low crystallinity [21]; a greater crystallinity generally

implies a greater expenditure energy 2or the disruption o2 polymer-polymer interactions [38]. Crystallinity o2 HPC powders was

investigated by powder X-ray di22raction (XRD) and di22raction patterns are presented in Fig. 4. XRD pattern o2 MCC was determined

2or comparison purpose (Fig. S3). It contained three well resolved peaks, located at 2θ�angles o2 16±, 22.5±, and 34.5±, which is
consistent with values reported in the literature [39]. HPC samples were characterized by two broader di22raction peaks; the Yrst one

located around 8
±
and the second one, more intense, appeared at 20.3

±
, which indicated that HPCs were at least partially crystalline.

Fig. 2.
1
H NMR spectra o2 HPC#1 (A), HPC#3 (B), and HPC#5 (C) in 20% DCl at 25

±
C.

G. Cremer et al.
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The peak initially visible at 34.5
±
in the MCC is no longer visible in the HPC samples. Similar di22raction spectra were 2ound by

Talukder, Reed, Dürig, & Hussain (2011) [40]. CI were calculated using the peak height method as described by Eq. (2). As expected,

MCC was highly crystalline with a CI o2 87.6× 0.2%. The HPC samples display lower crystallinity than the MCC, with CI o2 about 71%

2or the three samples.

The peak height method developed by Segal and coworkers is widely used to calculate crystallinity and compare the relative

di22erences between cellulose samples. However this method does not account 2or the slight shi2t observed in the position o2 the Yrst

peak between samples. The position and d-spacings o2 each o2 the two peaks are shown in Table 1. The d-spacings were calculated

2ollowing Eq. (3). The di22raction peak at 2θ�+ 20
±
was previously attributed to the slightly ordered amorphous phase o2 HPC while the

peak at 2θ�+ 9
±
was attributed to the backbone–backbone d-spacing o2 the main chains in the crystalline phase o2 HPC [41]. The

reaction o2 propylene oxide with reaction o2 hydroxyl groups o2 cellulose was shown to expand the d-spacing o2 the (110) plane [42].

These results are in line with the MS values, as determined by NMR. The slightly but signiYcantly lower d-spacings observed 2or Peak 1

in the di22raction spectra o2 HPC#3 indicates a less pronounced substitution.

Our results show that the substitution o2 cellulose leads to a broadening o2 the two main di22raction peaks, and a shi2t o2 the Yrst

peak to lower angle 2θ�values, with a corresponding decrease in the crystallinity o2 the polymer, in agreement with previous Yndings

Fig. 3. Assumed structures 2or HPC#1, HPC#3, and HPC#5.

Fig. 4. X-ray di22ractograms o2 HPC samples (20
±
C).

Table 1

X-ray di22raction data 2or HPC#1, #3 and #5.

HPC#1 HPC#3 HPC#5

Crystallinity index (%) 71.0 × 0.8 71.4 × 0.5 71.4 × 0.5

Peak 1 2 theta (
±
) 8.09 × 0.05

a
8.62 × 0.04

b
8.16 × 0.01

a

d-spacings (Å) 10.92 × 0.07
a

10.26 × 0.04
b

10.82 × 0.02
a

Peak 2 2 theta (
±
) 20.29 × 0.04 20.27 × 0.01 20.27 × 0.03

d-spacings (Å) 4.37 × 0.01 4.38 × 0.01 4.38 × 0.01

Within the same line, means with di22erent letters are signiYcantly di22erent at P ◦ 0.05.

G. Cremer et al.
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[43]. These results suggest that X-ray di22raction is sensitive to small variations in MS, and could be an interesting technique to

compare MS between samples, by per2orming a measurement directly on the powder.

3.2.2. Dynamic vapor sorption (DVS)

Fig. 5 illustrates the sorption-desorption isotherms 2or the 3 di22erent HPC samples. Few di22erences were observed between the

HPC samples during the sorption phase. All three samples had proYles corresponding to Brunauer Type III isotherms. The samples

behaved in the same way until they reached 90% RH. The curves can be divided into two regions: 2rom 0 to 70% RH, the change in

mass increased gradually, indicating a progressive adsorption o2 water molecules, and 2rom 70% RH, the change in mass increased

steeply. Slight di22erences appeared at 95% RH; at this humidity, the mass change o2 HPC#5 (34.4%) was slightly lower than that o2

HPC#1 (36.0%) and HPC#3 (37.1%), indicating that it had adsorbed less water.

Despite the similarities during the sorption phase, the samples behaved di22erently during the desorption phase. A hysteresis is

observed 2or the three samples, and it is the most pronounced 2or HPC#3 (Fig. 5B) compared to HPC#1 (Fig. 5A) and HPC#5 (Fig. 5C).

During desorption, HPC#3 had a higher mass change than the other two HPCs over the entire RH range. This indicates that the water

adsorbed during the sorption phase was bound more strongly, and was there2ore more di2Ycult to desorb. The chain architecture has a

strong infuence on the structuring o2 water; di22erences in polysaccharide structure result in di22erent spatially conYned environments

2or water sorption [44]. It was previously demonstrated that the lower substituted HPCs had better capacity to bind water vapor

internally [21]. This was attributed to their greater crystallinity and smaller degree o2 substitution. Substitution has a great impact on

water adsorption as the capacity 2or monolayer adsorption is related to the ability o2 water to interact with hydrophilic groups o2 the

substituents [45].

3.2.3. Hydration rate

In order to compare the hydration kinetics, the viscosity o2 HPC solutions was measured a2ter 1 h and 24 h o2 hydration, and

Fig. 5. Water sorption and desorption isotherms (25
±
C) o2: (A) HPC#1, (B) HPC#3, and (C) HPC#5.

G. Cremer et al.
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hydration rates were calculated as described by Eq. (4). Major di22erences in the hydration kinetics o2 the samples were observed.

HPC#5 was the 2astest hydrating sample, with a hydration rate o2 94 × 2%. HPC#1 hydrated slightly more slowly, with a hydration

rate o2 83 × 1%, and HPC#3 displayed the slowest hydration kinetics with a hydration rate worth 57 × 14%. These di22erences could

be explained in term o2 di22erences in water a2Ynity. Visually, it could be seen that HPC#3 was not properly dispersed a2ter 1 h, and

lumps 2ormation was reported. The greater hydrophilicity o2 HPC#3 suggested by the DVS experiment would explain the lower hy-

dration rate. Due to their higher a2Ynity 2or water, HPC#3 molecules could quickly swell in contact with water, 2orming lumps, and

preventing a good di22usion o2 water molecules towards the polymer core. This would result in a longer time to complete hydration.

3.2.4. Interfacial properties

The three HPC samples investigated were selected 2or 2urther characterization based on a static SFT value. In order to gain a more

comprehensive understanding o2 their inter2acial properties, SFT was studied under dynamic conditions, and inter2acial rheology was

investigated as well.

3.2.5. Surface tension

a) Short term adsorption kinetics

The hydrophilic character o2 the cellulose backbone, combined with the more hydrophobic character o2 the substituent chains,

gives HPC good sur2ace properties. The evolution o2 SFT o2 HPC solutions as a 2unction o2 sur2ace age is depicted at Fig. 6. All three

samples displayed quite similar adsorption kinetics. It has been previously reported that the adsorption o2 HPC at the inter2ace is a

three-step process, and the relative duration o2 each step depends on the concentration [2]. At the concentration investigated here, i.e.

0.2 wt%, no lag time is observed. The initial SFT were already substantially reduced at initial adsorption time (10 ms), highlighting the

ability o2 these molecules to di22use and adsorb rapidly at the inter2ace. The progressive adsorption o2 molecules at the inter2ace then

resulted in a signiYcant decrease o2 the SFT, up to values o2 approximately 45 mN/m 2or HPC#1 and #5, and 47 mN/m 2or HPC#3.

This experiment shows that the three samples have similar adsorption kinetics. HPC#3, however, seems slightly less sur2ace-active

than HPC#1 and #5, as evidenced by its slightly higher SFT.

b) Long term adsorption kinetics

Measurements 2rom the drop volume tensiometer allowed the study o2 adsorption kinetics over a longer time scale, and the

extrapolation o2 SFT value at equilibrium. The evolution o2 SFT as a 2unction o2 time is presented at Fig. S4. The equilibrium SFT o2 0.2

wt% HPC solutions measured at 25
±
C are as 2ollows: HPC#1 had the lowest value (40.17× 0.07 mN/m), HPC#3 the highest (43.90×

0.01 mN/m), and HPC#5 had an intermediate value (40.80 × 0.01 mN/m). The higher SFT values 2or HPC#3 revealed by the two

measurement methods indicate that this HPC is less sur2ace-active than the two others.

3.2.6. Surface hydrophobicity

Sur2ace hydrophobicity was determined by fuorescence spectroscopy with ANS as a hydrophobic probe. The binding parameters

between HPC and ANS were calculated and are presented in Table 2. Titration curves can be visualized in Fig. S5. The results indicate

that the maximum fuorescence Fmax was signiYcantly lower 2or HPC#3 compared to the other two. The apparent dissociation constant

Kd was relatively similar 2or all HPC samples. The highest sur2ace hydrophobicity was observed 2or HPC#5, although the di22erence

with HPC#1 was not signiYcant. HPC#3 had a signiYcantly lower sur2ace hydrophobicity than the other two.

A strong correlation was observed between the sur2ace hydrophobicity and the hydration rate: an increase in sur2ace hydropho-

bicity was associated with a 2aster hydration rate. More hydrophilic polymers would have a greater tendency to 2orm viscous clusters

during aqueous dispersion. This would hinder the di22usion o2 water towards the polymer core, resulting in slower hydration kinetics.

3.2.6.1. Dilatational rheology at the A/W interface. The dilatational rheology is known to play an important role in short-term stability

Fig. 6. Dynamic sur2ace tension o2 0.20 wt% HPC solutions as a 2unction o2 sur2ace age: HPC#1 (●), HPC#3 (■), HPC#5 (▴) (25 ±
C).
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o2 dispersions and can help to monitor the inter2acial structure o2 sur2actant [46]. The adsorption o2 sur2ace-active species at the

inter2ace generates a gel-like network with elastic properties [47]. Dilatational rheology experiments were per2ormed to compare the

dilatational moduli o2 HPC samples. SigniYcant di22erences were observed between the three samples (Table 3). HPC#1 had the lowest

dilatational moduli. HPC#3 was characterized by slightly higher values, suggesting that the molar substitution had only a limited

e22ect on the viscoelastic properties o2 the inter2ace stabilized by HPC. On the contrary, HPC#5 was characterized by a signiYcant

increase in dilatational moduli, and by a slightly higher phase angle θ. The phase angle re2ers to the phase di22erence between SFT and
the inter2acial area variations. A higher value refects a greater contribution o2 the viscous components to the dilational modulus. The

greater mechanical strength o2 inter2acial layers stabilized by HPC#5 suggests that a stronger intermolecular network was 2ormed at

the inter2ace. The adsorption o2 sur2ace-active polymer at the inter2ace is o2ten described with the train-loops-tails model. The more

polarized distribution o2 substituents along the polymer chain in HPC#5 would 2avor a more e2Ycient exposition o2 hydrophobic

regions at the inter2ace. The higher protrusion length o2 the hydrophilic regions in the bulk would 2avor polymer-polymer interactions

(see arrows in Fig. 7), and result in the 2ormation o2 a more cohesive inter2acial layer.

3.2.7. Flow behavior

Like many polysaccharides, HPC has a thickening e22ect in solution, which imparts colloidal stabilization [8]. Being an important

2unctional property o2 the polymer, the study o2 the infuence o2 HPC on the rheology is o2 prime importance 2or many applications. The

fow behavior o2 HPC solutions is represented at Fig. 8 and the parameters o2 the Herschel–Bulkley model (see Eq. (5)) are 2ound in
Table 4. Since the shear stress τ0 was null 2or all samples (Fig. 8A) this model reduced to a power law, with a good Ytting 2or the three
samples. All three have demonstrated a shear-thinning behavior, as indicated by their fow index n� 1; the viscosity was maximum at

zero shear rate and progressively decreased as the shear rate increased (Fig. 8B). The viscosity o2 these aqueous solutions showed no

thixotropy as indicated by the independence o2 the viscosity over time at constant shear, and by the absence o2 hysteresis between

2orward and backward curves (Figs. S6 and 7), in agreement with data available in the literature [48]. HPC#3 had the highest viscosity

in the entire shear rate range studied, and was characterized by a slightly higher consistency index k, and higher fow index n compared

to HPC#1 and HPC#5. Results emphasize that the rheological behavior o2 HPC solutions are sensitive to the MS o2 the polymer. The

higher hydrophilicity o2 lower substituted HPCs would increase the water-polymer interactions, 2avoring a more extended con2or-

mation o2 the polymer, resulting in an increased viscosity. The substitution heterogeneity observed 2or HPC#5, on the contrary, does

not signiYcantly impact the rheological properties o2 the polymer at 25
±
C.

3.2.8. Clouding behavior

HPC is a thermo-responsive polymer and undergoes a phase separation 2rom solution above a certain temperature, namely lower

critical solution temperature (LCST). For the purpose o2 investigating the structural changes o2 polymers during heating, the evolution

o2 transmittance was recorded during heating 2rom 35
±
C to 55

±
C and is presented in Fig. 9. The appearance o2 cloudiness during

heating is detected by the transmittance measurement, and allows the detection o2 the CP. Di22erent behaviors were observed and the

shape o2 the curves and the CP are consistent with Yndings o2 Schagerlõ2 et al. (2006) [25]. The samples had CP values o2 43.6, 46.1 and

41.6
±
C 2or HPC#1, #3 and #5 respectively. HPC#3 stood out as having the highest cloud point. These values are slightly higher than

those provided by the suppliers, which can be explained by the lower concentration o2 the solutions used 2or the measurements.

Beyond the CP value, the samples di22ered by the shape o2 their curves. While HPC #1 and #3were characterized by an abrupt decrease

in transmittance beyond the CP, HPC #5 had a two-step clouding curve (see arrow Fig. 9). Since the onset o2 cloudiness at LCST is

accompanied by a sharp drop in viscosity, rheometer can be used to estimate the CP as well [49,50]. The bimodal clouding behavior

was also observed with a rheometer, when measuring the viscosity o2 HPC solutions during heating 2rom 35 to 50
±
C (Fig. S8). The

broader clouding behavior in HPC#5 is thought to be driven by its uneven distribution o2 substituents along the chain. The more

substituted regions would have a higher tendency to aggregate upon heating, resulting in a lower CP, while the less substituted regions

Table 2

Sur2ace hydrophobicity parameters 2or HPC samples.

HPC#1 HPC#3 HPC#5

Fmax (a.u.) 540.84 × 3.64
b

503.44 × 1.94
a

534.41 × 2.44
b

Kd (μM�1) 20.62 × 0.71
ab

21.03 × 0.26
b

19.54 × 0.59
a

Sur2ace hydrophobicity 8.47 × 0.24
b

7.72 × 0.12
a

8.83 × 0.22
b

Fmax: maximum fuorescence intensity; Kd: apparent dissociation constant. Within the same line, means with di22erent letters are signiYcantly

di22erent at P ◦ 0.05.

Table 3

Dilatational viscoelastic parameters o2 A/W inter2aces stabilized with HPC.

HPC#1 HPC#3 HPC#5

Dilatational elastic modulus E–�(mN/m) 4.75 × 0.02
a

5.17 × 0.23
b

6.76 × 0.26
c

Dilatational loss modulus E––�(mN/m) 0.77 × 0.09
a

0.92 × 0.07
a

1.47 × 0.15
b

Phase angle θ�(±) 9.28 × 1.03
a

10.10 × 0.30
a

12.25 × 1.36
b

Within the same line, means with di22erent letters are signiYcantly di22erent at P ◦ 0.05.
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would aggregate at higher temperatures. A strong correlation was observed between CP and sur2ace hydrophobicity (R
2 + 0.996),

which is not surprising as the clouding o2 HPC upon heating is the result o2 increasing hydrophobic interactions [51].

3.3. Structure-function relationship

Table 5 summarizes the di22erent parameters evaluated and allows conclusions to be drawn about the impact o2 the structure on the

Fig. 7. Schematic representation o2 adsorption o2 homogeneously substituted HPC (le2t), and heterogeneously substituted HPC (right) at the A/

W inter2ace.

Fig. 8. Flow curves (A) and viscosity curves (B) o2 1.0 wt% HPC solutions at 25
±
C.

Table 4

Rheological parameters obtained 2rom the Herschel-Bulkley model 2or 1.0 wt% HPC samples.

HPC#1 HPC#3 HPC#5

n0 (mPa.s) 28.57 × 0.35
a

32.63 × 0.21
c

29.75 × 0.49
b

k (Pa.s
n
) 0.066 × 0.002

a
0.073 × 0.001

b
0.069 × 0.003

ab

n (dimensionless) 0.824 × 0.005
ab

0.833 × 0.003
b

0.821 × 0.004
a

n0: initial viscosity; k: consistency index; n: fow index. Within the same line, means with di22erent letters are signiYcantly di22erent at P ◦ 0.05.

Fig. 9. Transmittance o2 0.1 wt% HPC aqueous solution as a 2unction o2 temperature: HPC#1 (●), HPC#3 (■), HPC#5 (▴) (heating rate +
0.2

±
C/min).
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properties o2 these polymers. HPC#3 exhibited consistently shi2ted properties compared to HPC#1 and HPC#5. The structural

characterization attributed this to a slightly lower substitution. The less pronounced substitution con2ers a greater hydrophilicity to

this polymer, which greatly impacts the physico-chemical properties. The dispersion o2 HPC#3 in water requires considerably more

time due to the 2ormation o2 lumps. The polymer is less sur2ace active, and gives more viscous solutions. Its lower hydrophobicity gives

it greater thermal stability; more heating is required be2ore the cloud point is reached, causing the polymer to precipitate.

HPC#5 had a more complex behavior; it has a similar MS compared to HPC#1 but di22ers by its more heterogeneous substitution

proYle. This atypical substitution pattern was shown to have only limited impact on the sur2ace-activity and rheological properties o2

the polymer. However, the viscoelastic properties o2 a HPC-stabilized A/W inter2ace were considerably a22ected. The higher dilata-

tional moduli could be attributed to the combined e22ect o2 development o2 polymer-polymer interactions and con2ormation changes at

the A/W inter2ace 2ollowing HPC adsorption. The greater substitution heterogeneity in HPC#5 had also a great impact on the phase

behavior o2 the polymer, as illustrated by its bimodal clouding curve resulting in a lower CP value.

4. Conclusion

In conclusion, this work highlighted structural di22erences between HPC samples o2 the same technical speciYcations and studied

their impact on the physico-chemical properties o2 the polymer. A wide range o2 properties, including water interaction, sur2ace and

rheological properties, and phase behavior were considered. The unusual behavior o2 HPC#5 was attributed to a more heterogeneous

substitution pattern, with highly and weakly substituted regions distributed along the same polymer chain. This type o2 substituents

distribution has already been observed 2or HPC [25], and other cellulose derivatives such as CMC [52,53] and HPMC [15,16]. The

impact o2 a heterogeneous substitution proYle on important 2unctional properties o2 HPC, such as sur2ace and rheological properties is

reported 2or the Yrst time. It was shown to greatly a22ect rheological behavior at the inter2ace, and phase behavior o2 the polymer. The

relationship between CP and MS has been established years ago; higher substituted celluloses are expected to have a lower CP [22,54].

Our results suggest that this relationship, although commonly accepted, is fawed. The structure-2unction relationship o2 such a

compound cannot be studied by solely considering the number o2 substituents. Overall, this work emphasizes that beyond the absolute

number o2 substituents, their distribution along the polymer chain is a critical 2actor determining their properties. Fine structural

di22erences, not perceptible via the technical data sheet provided by suppliers, may exist and result in a di22erent 2unctionality.

Compliance with the value range described in the commercial speciYcations is there2ore not su2Ycient to guarantee identical 2unc-

tionality. Formulators should be aware o2 the existence, and consequences o2 such di22erences. This study provides new insights into

the impact o2 structure on the 2unctionality o2 HPC, and brings a valuable knowledge 2or any application using this polymer.
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Table 5

Summary table o2 HPC physico-chemical properties and structural characteristics.

HPC#1 HPC#3 HPC#5

MS 7.1 6.5 6.9

Released RS (mg/ml) 0.087 × 0.002
a

0.119 × 0.003
b

0.206 × 0.004
c

Hydration rate (%) 83.0 × 1.0
a

57.0 × 14.0 94.0 × 2.0
b

Eq. SFT (mN/m) 40.17 × 0.07
a

43.90 × 0.01
c

40.80 × 0.01
b

Sur2ace hydrophobicity 8.47 × 0.24
a

7.72 × 0.12
b

8.83 × 0.22
a

Inter2acial elasticity (mN/m) 4.99 × 0.11
a

5.42 × 0.40
a

7.44 × 0.92
b

Viscosity (mPa.s) 28.57 × 0.35
a

32.53 × 0.21
c

29.75 × 0.49
b

Cloud point (
±
C) 42.1 × 0.1

b
46.0 × 0.1

c
40.7 × 0.1

a

Within the same line, means with di22erent letters are signiYcantly di22erent at P ◦ 0.05.
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Appendix A. Supplementary data

Supplementary data to this article can be 2ound online at https://doi.org/10.1016/j.heliyon.2023.e13604.
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