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State, electrical and rheological properties
of model and dioxan isolated lignin films
at the air—water interface

Abstract The properties of mono-
layers of the dioxan lignin and of
model dehydrogenation polymers
spread at the air—water interface
were investigated by the following
techniques: surface pressure, surface
potential, ellipticity, rheological
analysis and molecular modeling.
Information about the state of the
monolayer was obtained from sur-
face pressure—area and surface po-
tential-area isotherms. At small
deposited quantities (1-2 mgm ?) a
quasi-monolayer (2D) structure is
formed. The values obtained for the
mean area per monomer and for the
mean dipole moment are coherent
with previously reported data, as
well as with the proposed molecular
model. At higher deposited quanti-
ties (3-6 mgm °) a complex 3D net-
work is built. These statements are
supported by the results obtained by
means of ellipsometry and surface

rheology. Ellipsometry provides da-
ta for the stability of the 2D struc-
ture and for the slightly unstable 3D
network. By using an original rhe-
ological approach, both structures
are distinguished by their mechani-
cal response when a dilatational
stress is applied. The quasi-mono-
layer structure behaves as an elastic
2D medium during the compression,
while two relaxation processes with
characteristic times of 10 and 100 s
were observed. The 3D network be-
haves as a Maxwell viscoelastic body
during the compression, while three
relaxation processes with character-
istic times of 1, 10 and 100 s were
detected.

Keywords Monolayers - Lignin -
Dehydrogenation polymers -
Ellipsometry - Surface rheology

Introduction

Lignin is a very complex macromolecule constituted by
phenylpropane monomers linked through 11 different
types of covalent bonds [1, 2, 3] and forming a 3D net-
work determining many specific properties of the plant
cell walls. It is the second-most abundant natural poly-
mer and an attractive object for investigations.

The considerable interest in this polymer can be di-
vided into a fundamental and a practical part. The for-
mer concerns the cytological structure and the role of
lignin in the plant cell walls as well as the interactions

with other polymers, such as polysaccharides. It is as-
sumed that this polymer is responsible to some extent for
the mechanical properties of the plant cell wall and that
it may also control the water permeability and antibac-
terial resistance. The second interest is related to the
necessity to find more and proper applications of the
lignins, eliminated as waste products of the paper in-
dustry. The biodegradation of lignin is a link between
these distinct parts.

It is worth mentioning that in the listed areas the
processes occurring at the interfaces are of great im-
portance. A few reasons can be cited. The plant cell wall
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is a heterogeneous system constituted of cellulose, lignin
and hemicelluloses. The interactions between them
should depend on the interface of the contact zone.
Some lignins are used to stabilize different emulsions;
this involves a process of adsorption at the interface [4].
A general common feature of the degradation processes
is that they take place most often at the interfaces rather
than in the bulk of a solution. Here the efficiency of the
reactions depends on the physical state and on the
accessibility of the substrate.

As we assume the importance of the interfacial phe-
nomenon in lignin chemistry, a simplified but realistic
system mimicking the interfacial structure of the poly-
mers studied, such as lignin films at the air—water in-
terface, can be used. The monomers which constitute
lignins possess the necessary properties for forming in-
terfacial films — polar groups (hydroxyl, phenolic, etc.)
and an apolar carbon backbone. The monolayer ap-
proach is characterized by the ability to control and
modify the interfacial organization of the substrate by
varying the surface pressure.

During the past 30 years there have been several re-
ports [4,5,6,7,8,9, 10, 11, 12] dedicated to the study of
the properties of lignin monolayers at the air—water in-
terface with different methods (surface pressure—area
and surface potential-area isotherms, ellipsometry,
Langmuir-Blodgett films, neutron reflectivity).

The basic facts gathered by those investigations can
be summarized as follows:

1. There is a great dependence of the properties on the
origin and the method of preparation of the lignin
samples [3].

2. From the surface pressure—area, n(A4), isotherms the
apparent area per monomer at close packing was
obtained to be 10-17 A for all the lignins studied
[4, 6]. The thickness of the films increases with the
amount deposited. Its value was established to be
between 15-96 A [7] and 60 A for Langmuir-Blod-
gett films made of lignins [8].

3. The role of the compression rate on the isotherms was
considered [6, 9]. A particular rheological behavior was
observed and an attempt to model it was made [10].

4. The stability of the monolayer increases with the
molecular size owing to the large number of potential
hydrogen-bonding sites [4].

5. The influence of pH was checked and it was shown
that at acidic pH values aggregation between mole-
cules occurs [11].

6. It was suggested that the use of dehydrogenation
polymers (DHPs) is a fruitful approach for obtaining
information concerning the structure and properties
of natural lignins. Indeed DHPs can be synthesized in
a reproducible way and free from contamination by
carbohydrates which can alter the surface behavior
of lignins. DHPs can be of guaiacyl (DHPG) and

guaiacyl/syringyl (DHPGS) type. By neutron reflec-
tivity [12] it was demonstrated that both DHPs form
a nohomogeneous structure with the DHP distribu-
tion going from a dense structure at the air side to a
dilute one at the water side.

The aim of the present work is to study the state,
electrical and rheological properties of model DHP films
and natural grass lignin. The roles of the mode of for-
mation of the lignin films and of the pH on the state and
rheological properties were investigated.

Materials and methods

Materials

Detailed information about the synthesis and characterization of
the model polymers (DHPs) used in this work can be obtained from
Ref. [12]. Organosolv lignin (D-L) was dioxan-extracted from
wheat straw. It is worth mentioning that there are 3 wt% sugars
and 3.5 wt% esterified phenolic acids in this lignin. The prepara-
tion and characteristics of the sample are described in Ref. [10].

Dioxan used as solvent was supplied by Fluka. HCl and NaOH
were purchased from Merck. Na,HPO,4 was a product of Theokom
(Sofia, Bulgaria). In all the experiments, doubly distilled water was
used.

Measurements at the air—water interface

The polymers under study were d1ssolved in a dioxan and water
mixture (9:1) at a concentration of 2 gl

The formation of polymer monolayers was performed by
droplet deposition of a specified amount of the solutions (calcu-
lated in milligrams per square meter) over the available area of a
Teflon trough (440 cm?).

The surface pressure, ©, was measured using a KSV-2200 (Fin-
land) surface balance equipped with a platinum plate. The surface
potential, AV, was measured simultaneously by using a gold-coated

21Am ionizing electrode, a reference electrode and a KP 511
(Kriona, Bulgaria) electrometer, connected to a personal computer
provided with user software for real-time data measurements. As
usual, the surface potential of the pure aqueous surface fluctuated
for about 30 min. When the air-water surface potential became
constant, spreading of the monolayer could be performed. The
accuracy of the initial surface potential value was +15mV.

Five kinds of experiments were performed and all the experi-
ments were performed at 20+2 °C.

Surface pressure—area and surface potential-area isotherms

Surface pressure—area and surface potential-area isotherms were
obtained after spreading the solution on the aqueous subphase with
three different pH values: pH 1.2 (0.1 N HCIl); pH 5.8 (doubly
distilled water); pH 11 (0.025 M NdzHPOrNdOH buffer). The
quantities spread were 1, 2, 3, 4, 5 and 6 mgm ~. After the deposi-
tion of the monolayer, from the dioxan—-water solut1on the surface
potential was allowed to reach a constant value (about 5 min).
Then, the monolayer was compressed with a constant velocity, Uy,
of 10 cm’min !, At this rate, maximum reproducibility was ob-
tained. As already mentioned there is a dependence on the velocity
of compression: if the compression is performed at a slower rate, the
isotherm shifts s11ghtly to the left. Besides this, the compressions
with Uy =10 cm’min"! were used to avoid possible contamination
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from the atmosphere during the prolonged compressions. The ad-
dition of 1% amyl alcohol in the spreading solution, commonly
used for a high yield of protein spreading, did not change the iso-
therms dramatically. In the pioneer work of Luner et al. [4] the
influence of the position of the Wilhelmy plate on the n(A4) isotherms
was pointed out. The position of the platinum plate in our experi-
ments was perpendicular to the movable barrier because it was
observed [4] that when the plate is parallel to the barrier the plate is
displaced to some angle of the normal at high compressions.

For the sake of a clear presentation of the results, in the Results
and discussion the isotherms are shown for 1, 2, 3 and 6 mgm 2
only. The apparent area per monomer was calculated using mean
monomer weights of 200 (for DHPGS and D-L) and 180 for
DHPG. The experimental AV curves presented are smoothed, by
appropriate treatment using the commercial program Table Curve.

The decrease of the surface area and the evolution of AV (t)
at constant surface pressure

The decrease of the surface area, AA(t), and the evolution of AV(z)
at constant surface pressure were measured for 2 and 6 mgm
spread quantities. The subphases used were aqueous solutions with
different pH. A dependence on the rate of the barrier movement as
well as on the value of the constant surface pressure was observed.
For this reason the following procedure was adopted: spreading of
a given quantity, waiting 5 min and consecutive compression with
Uy,= 10 cm?min ! until an increase of 1.5-2 mNm™' in the surface
pressure was reached. The barostat system was then turned on.

The evolution of the surface pressure at constant area

The evolution of the surface pressure, 7(z), at constant area, after
stopping the continuous compression (Up=15 cm’min") of the
monolayer for 2 and 6 mgm > spread quantities was measured. The
subphases used were aqueous solutions with three pH.

Surface rheology experiments

Surface rheology experiments consist of measuring the surface
pressure variations at several distances, x; as a function of time

during and after a small compression (An=0.5 mNm ') of the
monolazer (Fig. 1). Two spread quantities were investigated: 2 and
6 mgm “. The compressions of the initially quasi-stable interfacial
film were performed with two velocities U, =180 and 10 cm’min "'
for each distance x;. To ensure an initially quasi-stable state of the
monolagers, the following procedure was used. The monolayers of
2 mgm - were built and 5 min was allowed before compression
with Uy =10 cm’min ! until 2.5 mNm ! was performed. Then an-
other period of 15 min was allowed. In the case of 6 mgm > the
monolayer was built and a period of 20 min was allowed, without
further compression.

Ellipsometry

The monolayers were investigated by means of ellipsometry. The
measurements were performed using a spectroscopic phase-modu-
lated ellipsometer (UVISEL, Jobin Yvon, Longjumeau, France). It
was equipped with a xenon arc lamp. The chosen configuration was
the following: the polarizer and the analyzer were set to 45°, the
photoelastic modulator, activated at a frequency of 50 kHz, was set
to 0° orientation.

The measurements were monitored at an angle of incidence of
53.4°. The two ellipsometric angles y and A are linked to the two
reflectivity coefficients rj, and r, in directions parallel and perpen-
dicular to the incidence plane, respectively, by

Z—p: tg¥ exp(iA). (1)

The fixed wavelength chosen for the kinetic measurements
corresponds to the Brewster conditions of the substrate defined by

A==2. )

The ellipticity coefficient of the absorption layer at the Brewster
conditions, pg, is defined by

pp = tg¥sin A. (3)

The ellipticity measured at this angle is very sensitive to any
structure at the interface, and the magnitude of the ellipticity is
indicative of the number of adsorbed molecules [13].

Fig. 1. a Method of continuous y
compression (or expansion): z
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. : . X, -
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3: barrier moving with constant |% nd 4
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b Variations of An(x, ¢) in an - o O\ P
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Molecular models

Molecular models of the lignin 10-mer at the interface
were created using the commercial program Hyper-
Chem based on semiempirical quantum chemical cal-
culations. The periodic box tool was employed to
mimic the gas—water interface. It is based on a Monte
Carlo distribution of water molecules in a given vol-
ume, applying also periodic boundary conditions. It is
noteworthy that quantum-chemical computations can-
not account for the lateral interactions originating
from constant pressure application. The impossibility
to introduce the lateral pressure into quantum-chemi-
cal calculations may be replaced by considering the
tightest packing, corresponding to the energy mini-
mum.

Theoretical consideration
Interpretation of surface potential data

The interpretation of A} data is based on the Schulman
and Rideal definition of the surface potential, AV, for
charged monolayers as the sum of the contributions of
the dipole moments and of the double layer of counte-
rions [14]:

AV =4nu T+, 4)

where i, =4 is the mean value of the sum of the ver-
tical components of the dipole moments in one mono-
mer, ¢ is the dielectric constant in the plane of the
monolayer, IT" is the surface density of the monomers,
and Y is the electrostatic potential in the plane of the
interface relative to the subjacent aqueous phase, con-
taining monovalent counterions. In the absence of net
charges at strong acidic pH, the value for AV is given by
the first term in Eq. (4):

AVye = 47‘C,qu. (5)

The most frequently used expression for i, is based
on the Gouy—Chapman classical theory of the diffuse
double layer:

5 _
Wy = ﬂsinhf1 S R— 75 |
eo (2n;ekT |m)"/

where s~ is the number of charges per square centimeter,
g=eps 1is the charge per square centimeter of a plane,
impenetrable, uniformly charged surface, n; is the con-
centration of the monovalent counterions in the bulk,
presented as point charges, being able to approach the
charged plane, € is the dielectric constant of water, k is
the Boltzmann constant, 7 is the absolute temperature,
and e is the electrostatic charge.

(6)

Let us consider, as a first approximation, that the
appearance of negatively charged monomers (due to the
dissociation of the phenyl groups at alkaline pH) does
not modify the dipole moment u; of the monomer and
the monomer density, I'. Then, by using Egs. (5) and (6),
Eq. (4) becomes

2%T
AV = AV — 2L Ginh! (( (7)

eps
€0 2n+akT/n)l/2 '

From Eq. (7), the corresponding Graham equation
can be used to estimate the number of charges per
square centimeter:

- 1 [2n,ekT .  eo(AVie — AVuy)
s (1) o - sin IT

Rheological dilatational properties

®)

The dynamic response of a surface film to a dilatational
(compressional) mechanical stress has been investigated
over a long time scale: 10°<r<10°s. Data for the
viscoelastic dilatational properties of surface films have
been obtained in several ways:

1. Analysis of thermally excited surface waves, probed
by surface light scattering. This is for characteristic
times in the range 10 °~107 s [15, 16, 17].

2. Mechanically generated surface waves by periodic
compression—expansion of the surface film. This is for
characteristic times in the range 10°-1s [18, 19, 20,
21, 22].

3. Continuous compression (or expansion) of a surface
for characteristic times in the range 1-10° s [23, 24,
25, 26, 27, 28, 29, 30, 31].

In general, the viscoelastic properties of a surface film
depend on the characteristic time of the perturbation,
since various relaxation processes involving various
molecular relaxation mechanisms with different charac-
teristic times can take place.

The method of continuous compression of a surface
film [24, 25, 26] consists of compressing the monolayer
by means of a barrier moving with a constant velocity
Uy, (Fig. 1a). As a result of the surface density gradient,
caused by the continuous local surface pressure pertur-
bation, the simultaneous motion of the monolayer and
of the liquid substrate occurs (so-called Marangoni ef-
fect). The surface motion is practically dilatational and
can be detected by measuring the change of any surface
parameter [24, 25, 26]. As it is shown in Fig. 1, the
changes in the local surface pressure were measured at
points x; and x; using two Wilhelmy plates 4 and 4'.

In order to describe the simultaneous longitudinal
motion of the surface film and of the liquid subphase, the
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Fig. 2. Rheological model of the monolayer. Deformation AL/L,
and change of surface pressure, Azn, during the time, 7, of
compression, ¢, with constant velocity Uy (AL = Uyt), followed
by a relaxation, r

following assumptions corresponding to the experimental
conditions were made [23, 24, 25, 26, 27, 28, 29, 30]:

1. The disturbances of the surface concentration, AT,
and of the surface pressure, An, are small compared
to the initial equilibrium values of the surface con-
centration, I'y, and the surface pressure, 7.

2. The motion in the viscous aqueous subphase is given
by the Navier-Stockes equation simplified for a thin
layer.

In the absence of intrinsic surface dilatational
viscosity or other relaxation processes, the rheological
behavior of an insoluble monolayer is elastic. In this
simplest case, the following differential equation governs

20 200
3
+ 150
154
- >
r 4 3 =3
% 100 8
- =
2 10 g
) =
3 5
8 =+ 50 :
& g2
5 3
54
+0
1
2
0 : y " T ¥ T

0 5 10 15 20 25 30 35

Area (A” per monomer)

Fig. 3. Surface pressure—apparent area per monomer, n(A4), and
corresponding surface potential-apparent area, AV(A4), (') iso-
therms for spread quantity of 1 mgm > on a subphase with pH 5.8.
Curves / and I”: dioxan lignin (D-L); curves 2 and 2’: dehydroge-
nation polymers of guaiacyl type (DHPG); curves 3 and 3"
dehydrogenation polymers of guaiacyl/syringyl type (DHPGS).
The saturation of the AV potential indicates a closely packed
monolayer

Table 1. Apparent area per monomer at close molecular packing,
Ap, corresponding a surface potential, AV,,, a mean value of the
sum of the vertical components of the dipole moment, yx,, and
number of charges per square centimeter, s, for monolayers of
lignins (dioxan lignin, D-L, dehydrogenation polymers of guaiacyl
type, DHPG, dehydrogenation polymers of guaiacyl/syringyl type,
DHPGS)., spread on a subphase with various pH

pH Polymer An AVt i, (mD) s (1071
(A (mV)
1.2 D-L 14 202 75 0
DHPG 11 247 81 0
DHPGS 14 294 109 0
5.8 D-L 10 117 75 -
DHPG 10 140 81 -
DHPGS 13 162 109 -
11.2 D-L 15 108 75 2.19
DHPG 12 164 81 1.74
DHPGS 15 212 109 1.7

the propagation of the momentum motion along the
monolayer and describes the distribution of the surface
velocity, u(x, t), along the coordinate x with time #:

Ou 0u
E = uﬁ, (9)

where D, = Egh/4u, Eq is the surface dilatational elas-
ticity of the monolayer, p is the bulk viscosity and /4 is
the depth of the liquid subphase.
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Fig. 4. a Structural formula of a part of a typical structure of a
lignin molecule from Ref. [35], to visualize schematically a 10-mer.
The carbon atom numbering of a lignin monomer is shown in the
upper left corner. The aromatic ring is numbered 1-6 and the
propane side chain o—y [1, 2]. b Molecular model representing the
lignin10-mer as an element of a 2D organized film. The molecular
dimensions of this fragment are length 21.6 A, width 12 A, height
12.3 A. The simulated air-water interface is represented by 90
water molecules (open circles) in contact with the lignin 10-mer

The quantity D, may be called a surface pseudodif-
fusion coefficient of the surface local momentum along
the interface. The quantity /D, represents the charac-
teristic length of the surface velocity propagation over
1 s and depends on the rheological parameters of the
surface (E4) and of the bulk phase (i). The characteristic

>

Fig. 5a—c. n(4) and corresponding AV(A4) (’) isotherms for
different spread quantity of lignins on a subphase with pH 5.8. a
D-L, b DHPG, ¢ DHPGS. Curves / and /”: 1 mgm 2; curves 2 and
2 2 mgm % curves 3 and 3 3 mgm % curves 4 and 4 6 mgm >
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Fig. 6a—c. The influence of the pH of the subphase on the n(A4) and
AV(A) () of 1 mgm 2 spread quantity of lignins. a D-L, b DHPG,
¢ DHPGS. curves / and I pH I; curves 2 and 2": pH 5.8;
curves 3 and 3" pH 11.2

time of propagation along the length L, of an elastic
monolayer is

_ L

o (10)

™
This characteristic time marks the transition between
a nonsteady region from the beginning of, the compres-
. I . : I
sion to 5 and a quasi-steady region from pto the end of
the compression.
For the quasi-steady region of the compression es-
tablished after the “‘arrival” of the surface pressure
perturbation at the end of the trough [24, 25, 26]

(8u = (0 while

or on
o aﬁéo’aﬁéo)

EdUbt_4,“Ub x_i_@
Lo h '

(11)

Ar(x,t) =

The first term in Eq. (11) is due to the rheological prop-
erties of an elastic insoluble monolayer obeying Hooke’s
law. Indeed, Uyt =AL and An= EqAL/Lg. The second one
is related to the rheological properties of a Newtonian
liquid with bulk viscosity p. The physical meaning of
Eq. (11) is simple. The propagation of a local surface

0.1
3
2
< 0.05 -
p 1
<
0 10 20 30 40 50 60 70 80

Time (min)

Fig. 7. Dependence of the magnitude of compression on the
relative decrease of the surface area for monolayers of 3 mgm 2 D-L at
pH 1. Curve I: from 740 =2 mNm ' t0 Teonstant=2.5 mNm;
curve 2: from minjar =2 MNM ™' t0 Teonstant=3.5 mMNm'; curve 3:

— -1 _ —
from Tinitial — 2 mNm™ to Tleonstant — 5 mNm
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Fig. 8a—c. Relative decrease of the surface area for monolayers
of 2 and 6 mgm > (") spread quantity. a Subphase with pH 1.2,
b subphase with pH 5.8. ¢ subphase with pH 11.2. Curves 7 and 1”:
D-L; Curves 2 and 2”: DHPG; Curves 3 and 3": DHPGS

density perturbation along a hypothetical free 2D elastic
body must be effectuated with the velocity of sound in this
2D medium, i.e. practically instantaneously in compari-
son with the characteristic time of the experiment. Nev-
ertheless, on account of the friction with the liquid
subphase the propagation with the characteristic time 7y
is not instantaneous. A typical result for Azn(x, ¢) in an
elastic monolayer is presented in Fig. 1b. According to
Eq. (11) the slopes dAn/dt in the quasi-steady region do
not depend on the distance x.

In the case of a viscoelastic insoluble monolayer,
other dissipation processes may occur in the monolayer
in addition to viscous dissipation in the bulk subphase.

In order to describe the surface pressure change,
An=n(t)-=n; (Fig. 2), during the time T of the compres-
sion with a constant velocity, U, followed by a relax-
ation at constant area, we suppose that at any moment
the total surface pressure change An=mn(f)-x; can be
represented as the sum of one equilibrium, Az, and one
nonequilibrium, An,., contribution:

An = An, + Amye. (12)

The equilibrium part A, is related to the equilibrium
surface dilatational elasticity E,:

An. = E. @, (13)
Ly

where L, is the initial surface length before the

compression and ’i—i’fﬁ—ﬁ the corresponding strain, €

(Fig. 2). This elastic behavior is represented by the upper

branch of the mechanical model in Fig. 2.

The nonequilibrium part of the total surface pressure
change Am,. is associated with the accumulation of
elastic energy during the compression. Dissipation of
this accumulated energy through a specific molecular
mechanism occurs during compression as well as relax-
ation. This viscoelastic behavior can be described with
Maxwell’s equation:

dAm,e Anne_E 8£
dt ™ ox

where Am,. is the applied stress, E,. is the nonequilib-
rium surface dilatational elasticity and t is the specific
time of relaxation. This viscoelastic behavior is repre-
sented by the lower branch of the mechanical model in
Fig. 2. The two branches of the mechanical model are
coupled in parallel according to Eq. (12), which corre-
sponds to the addition of stresses.

: (14)
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Table 2. Initial and final reor-

ganization rates and relative Quantizty pH Polymer Reorganization rate (min ') at Relative _decreqse of
surface area decrease for (mgm™) _ . B . area at 1= 60 min
monolayers of lignins, spread ¢=0 min ¢=60 min
on a subphase with various pH 2] 12 D-L 0.0053 0.0006 0.069
DHPG 0.0089 0.0008 0.095
DHPGS 0.005 0.0002 0.057
5.8 D-L 0.0063 0.0007 0.089
DHPG 0.0095 0.0012 0.12
DHPGS 0.0054 0.0006 0.13
11.2 D-L 0.006 0.0002 0.046
DHPG 0.0064 0.0004 0.085
DHPGS 0.008 0.0006 0.13
[6] 1.2 D-L 0.0151 0.0008 0.15
DHPG 0.0136 0.0007 0.13
DHPGS 0.0145 0.0017 0.21
5.8 D-L 0.0133 0.0012 0.14
DHPG 0.0185 0.0013 0.21
DHPGS 0.0203 0.0019 0.25
11.2 D-L 0.0081 0.0002 0.11
DHPG 0.0137 0.0027 0.25
DHPGS 0.0188 0.0024 0.31
It would be appropriate to analyze separately the JAx Uy EnUs (e—f/ﬂ + e—t/fz)
cases of relaxation processes with characteristic time t - T > o . (18)

many orders of magnitude larger than ty; and that of
relaxation processes with characteristic time 0 of the
order of magnitude of 7\ defined in Eq. (10).

In the first case, when >>1y, the re-equilibration of
the surface pressure gradients along x is very rapid in
comparison with the surface relaxation process and we
can consider the dynamic response of the monolayer as a
whole, neglecting the surface pressure distribution along
x. The analysis of this case based on the rheological
model in Fig. 2 and Egs. (13) and (14) gives the fol-
lowing equations describing the viscoelastic behavior of
the monolayer [32] and the relative relaxation when the
time of compression, 7, is much smaller than the time of
the relaxation process (7<1):

Upt Upt

— bt ~b* _ at/T
Ar= Ee 4 Ene ) (1 e ) (15)
An(t) — Ao w(2) — 7o iy

= = L 16
Amy — Any Ty — Too ¢ (16)

If two slow relaxation processes with characteristic
times 7; and 1, occur, the viscoelastic behavior of the
monolayer is described by the model in Fig. 2 with two
(instead of one) Maxwell bodies (the so-called general-
ized Maxwell model) [33]:

Upt U U

An:Eeib‘FE = (1 —eit/ﬂ) + Ene, zrz <1 _eit/fz) .
0

(17)

Lo ™ Lo
After differentiation of Eq. (17) with respect to time
and with the simplification Eye, & Epe, ~ %, the fol-
lowing expression for the slope (M)x during the com-

. . dt
pression can be obtained:

According to Eq. (18) the slopes (47%) in the quasi-
steady region do not depend on the distance x.

Two useful approximations describing the rheological
behavior during the compression can be obtained from
the general Eq. (17). When the time of compression 7T is
much smaller (or much larger) than the times of relax-
ation 7; and 7,, the rheological response of the surface
film is elastic only. In fact, for 7«1, 7, (realized for
sufficiently rapid compression) from Eq. (17) after de-
velopment in series we have

Uy T

AT[(,:T) =Ang = (Ee + Enel + Enez) —_—.

- (19)

For T > 1y, 1, (realized for sufficiently slow com-
pression) the second and the third terms of Eq. (17) can
be neglected:

Uy T

Aﬂf(,:T) = ATCO = Ee—.

i (20)

By using Egs. (19) and (20) and the experimental data
obtained at sufficiently rapid and slow compression, we
can obtain the equilibrium, E,, and nonequilibrium, £,;
and E,.,, parts of the elasticity.

For T<1, 15, the following expression describing the
relaxation process was obtained [33]:

Tf(t) — Tlo _ Ene, Ene,
o — Tloo En61 + Enez Ene| + Enez

—t/T

e /M 4 (21)

In the case when O~1y;, the viscous relaxation process
accompanies the propagation process along x and a
fanlike dependence of the slopes (44%)on the distance x

during the compression is observed.
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Fig. 9. a Relative decrease of the surface area and corresponding
evolution of surface potential for monolayers of 2 (upper) and
6 mgm > (lower). b Evolution of the absolute value of ellipticity in
Brewster-angle conditions for a spread quantity of 1 (upper) and
6 mgm 2 (lower) DHPG on doubly distilled water. The thick curves
correspond to the surface pressure, while the thin curves correspond
to the ellipticity

A typical result for An(x, ¢) is presented in Fig. 1c. The
nonequilibrium part of the total surface pressure change
Am,. is obtained by coupling the Maxwell equation
(Eq. 14) with the equations describing the longitudinal
momentum motion, namely the surface dynamic equa-
tion, giving the balance of forces acting on the surface and
the surface mass balance equations [24, 27].
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Accordingly with the model in Fig. 2 the following

expression for the slope (%) in the quasi-steady region

of the compression is obtained:

dAn Uy cosha(Ly — x)

e B4 EpUpg— 0 22
dt ° Lo + EneCba sinh aLg (22)

where a~! = \/D,0 is the characteristic length of prop-

agation along a viscoelastic Maxwell monolayer. For
Lo<o !, ie. for a monolayer length much smaller than
the characteristic length of propagation, the viscoelastic
response of the surface film to the applied stress pre-
dicted by Eq. (22) is reduced to the elastic one. Then,
Eq. (22) becomes
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Fig. 10a—c. Surface pressure change, Az, with time, ¢, at various
distances, x, during a compression with Uy =10 cm’min ' and the
consecutive relaxation of lignin monolayers with a spread amount
of 2mgm? on a subphase with pH 5.8. a D-L, x;=7.5 cm,
x»=18cm; b DHPG, x;=6cm, x,=18cm; ¢ DHPGS,
x;1=4.5 cm, x,=25cm

dAn %

? = (Ec + Enc) Lo . (23)

If two dissipation processes with different characteristic
times (0 of the same order of magnitude and t many
orders of magnitude larger than ty;) occur simulta-
neously, a more complex viscoelastic behavior is ob-
served. The following expression for the slopes (497) (x, #)

is obtained [34]: t

dA U, ho(Ly —
n—Ee—b+EneUboc7mS #(Lo x)e_’/f.

T B L() sinh OCL() (24)

For T~0 and T<rt (realized for sufficiently rapid
compression), the influence of the slow relaxation pro-
cesses with characteristic time 7 is negligible and Eq. (24)
is reduced to Eq. (22).

For T>> 0, 7 (realized for sufficiently slow compres-
sion), the viscoelastic response of the surface film to
the applied stress is reduced to an elastic one. In fact,
exp(—t/1)—0 and from Eq. (24) one obtains

dAn Ub
- 25
dt ¢ Ly ( )
The listed equations are theoretical models that de-
termine the rheological, dilatational properties of elastic
and viscoelastic surface films. The equations are de-
scribed in details in Refs. [24, 25, 26, 27, 28, 29, 30, 32,
33, 34].

Results and discussion

Effect of the spread quantity and the pH
of the subphase

Typical surface pressure—apparent area per monomer,
n(A4), and surface potential-apparent area per monomer,
AV(A), isotherms obtained for 1 mgm * deposited D-L
(curves 1 and 1’, respectively), DHPG (curves 2 and 2°)
and DHPGS (curves 3 and 3’) on the subphase with
pH 5.8 are given in Fig. 3. A quasi-monolayer organi-
zation of the polymer film can be assumed on the basis
of the following observations. The AV potential values
start from zero for dilute monolayers. Under further
compression the monolayers exhibit liquid—condensed
states [35] with a more pronounced expanded region for
DHPGS.
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Fig. 11a—c. Surface pressure change, An, with time, ¢, at various

distances, x, during a compression with U, =180 cmimin’1 and the

consecutive relaxation of lignin monolayers with a spread amount
of 2mgm? on a subphase with pH 5.8. a D-L, x;=7.5cm,
x,=18 cm; b DHPG, x;=6 cm, x,=18 cm; ¢ DHPGS, x,=
4.5 cm, x,=25cm

Following the general ideas on the state of polymer
films, a close packing of the 3D lignin molecules corre-
sponds to a saturation of the AV(A) curves. The calcu-
lated apparent areas per monomer, the corresponding
surface potential and the mean dipole moments calcu-
lated from Eq. (5) are presented together with the values
obtained at pH 1.2 and 11.2 in Table 1. The values per
monomer for the DHPs (10-15 A? ) presented are of the
same order of magnitude as, but slightly smaller than,
those previously reported [4], probably because of the
use of the dioxan—water solvent mixture. It should be
mentioned that all the values obtained are smaller than
the areas calculated for a molecular model assuming that
the phenyl- propane monomer lies flat on the surface
(about 45 A? ). A more realistic molecular model of a
ten-monomer 3D DHP molecule [36], an element of the
2D organized film, lying on a water subphase is pre-
sented in Fig. 4. The optimization supports the idea [4]
that some of the monomers are in the upright position.
The calculated, on the basis of the model, dimensions at
closed packing are a molecular area between 15 and
26 A? per monomer and a thickness of 12 A. The slight
difference between the observed (10-15 Az) and the
model values could be due to the partial dissolution into
the aqueous subphase which cannot be completely
excluded and/or an aggregation process.

The more pronounced expanded region for DHPGS
can be explained by the fact that a DHPGS molecule has
a higher content of -O-4 links and an increased number
of methoxyl groups and could be more linear, both
factors probably contributing to a higher hydrophilicity
[37].

The isotherms obtained after spreading different
quantities of D-L, DHPG and DHPGS are presented in
Fig. 5. It is obvious that the isotherms depend on the
quantity deposited. A state close to quasi-monolayer or-
ganization of the 3D lignin molecules can be considered in
the case of spreading of 1-2 mgm 2. When the spread
surface concentration increases, the n(A) isotherms shift
to small apparent areas per monomer that differ from the
corresponding values in the case where the compression
starts from a more dilute initial state. For deposited
quantities of 3-6 mgm 2 the initial values for AV are
higher than those at close packing and start to decrease
with further compression. This behavior may be due to
rearrangement in a 3D layer, formed when the quantity
spread is higher than needed for obtaining a monomo-
lecular structure. In conclusion, in the case of spreading of
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Table 3. Characteristic times and equilibrium and nonequilibrium elasticities for lignin monolayers spread on three different subphases

Quantity pH Polymer 0 (s) 71 (5) 5 (8) E. (mNm ) Epe (mNm™") 72— 100%
(mgm 2) e ne
[2] 1.2 D-L - 12+1.0 135+1 11+1 8+2 42
DHPG — 7.8+0.9 111+1 9+2 17+3 65
DHPGS - 11+£2.0 133£15 101 5+2 33
5.8 D-L - 8.3+0.1 139+9 11+3 12+1 52
DHPG — 6.5+1.3 1311 6+2 17+£3 74
DHPGS - 12+1.0 133+£3 9+2 6+1 40
11.2 DHPG - 12+1 102+9 9+1 201 69
[6] 1.2 D-L 0.44+0.06 10.0£1.0 111£22 17+£3 39+5 69
DHPG 0.57+0.14 83+1.3 66+7 13+1 47+8 78
DHPGS 0.86+0.04 9.0+£0.8 84+4 8+1 3442 80
5.8 D-L 0.65+0.06 9.1+4 131 £18 13+£2 28+4 68
DHPG 0.63+0.03 9.2+1.0 89+9 7+1 51+2 88
DHPGS 0.61+0.05 9.0+1.0 113+4 8+1 53+3 87
11.2 DHPG 1.53+0.02 120+2 114+2 6+2 25+3 80

3-6 mgm > the isotherms indicate the formation of a 3D
network structure rather than a monolayer one.

The isotherms obtained on subphases with different
pH for all the polymers studied are presented in Fig. 6. At
pH 5.8 the isotherms are on the left compared to those at
pH 1 and 11. The isotherms at pH 1 are shifted to higher
apparent areas per monomer, probably as a consequence
of additional aggregation of the molecules in a more fi-
brous organization [11]. At alkaline pH, the isotherms
started from a higher initial surface pressure and they are
more expanded as a result of the ionization and the
electrostatic interactions of the phenolic groups. By using
Egs. (5) and (8) the values for p, and s are calculated
and they are presented in Table 1. It should be stressed
that generally the values for the AV potential as well as
that for the mean vertical dipole moment are coherent
with previously reported ones [4, 5] for various lignins.

The more expanded DHPGS monolayer has higher
values for the AV potential (Table 1) owing to the fact
that more polar groups interact with the molecules from
the subphase. The presence of methoxyl groups in
DHPGS molecules increases the mean monomer dipole
moment, which is higher than for the others lignins. At
alkaline pH, the AV potential values are higher com-
pared with the other two polymers. On one hand, this is
due to the first term in Eq. (4), but on the other hand, it
is a consequence of the smaller screening effect by the
counterions. From Table 1 it is seen that the number of
charges per monomer area is the smallest. This is very
likely a result of the presence of more -0—4 links. These
bonds are formed with the participation of phenolic
groups, so the interfacial density of potential ion-form-
ing groups is decreased.

Monolayer stability and rheological properties

Compressed lignin monolayers are far from equilibrium.
Slow surface pressure relaxations have been observed

after stopping the monolayer compression or in surface
pressure—area hysteresis [4, 5]. These effects are related
to the molecular reorganization of the lignin molecules
at the air—water interface, although partial dissolution
into the aqueous subphase cannot be completely
excluded.

A usual test of monolayer stability consists in com-
pressing the monolayer after spreading to a given value
of the surface pressure and then recording the relative
decrease in area % with time ¢ at constant surface
pressure. The experimental curves % () depend strongly
on the quantity spread and on the rate and magnitude of
the consecutive compression. As an example in Fig. 7
%(t) curves are presented for D-L spread layers
(3 mgm 2 at pH 1.2) with a surface pressure of about
2 mNm 'and consecutive compression to 2.5 (curve 1),
to 3.5 mNm ' (curve 2) and to 5 mNm™' (curve 3). It
should be noted that the surface pressure after spreading
is not an equilibrium one; on the other hand the 24 (7)
dependences are obtained after large compressions. Far
from equilibrium the kinetic effects are nonlinear and
the quantitative interpretation of the observed effects is a
difficult task.

In order to compare the instability of D-L, DHPG
and DHPGS monolayers the following procedure was
adopted: spreading of 2 mgm 2 (a quasi-monolayer or-
ganization of the 3D lignin molecules) and 6 mgm >
(lignin molecules involved in a 3D network) and a
consecutive compression leading to a 1-1.5 mNm'
surface pressure increase. The results obtained are pre-
sented in Fig. 8. The slopes ﬁd(ftq)give the relative rate
of the reorganization process. The values of A%)d(ﬁf) are
maximal at the beginning of the process and decrease
with time. After about 1 h a steady state with a minimal
rate is reached. The values of the initial and minimal
reorganization rates are calculated from Fig. 8 and are
presented in Table 2 together with the values of the
relative decrease of area at 1 h. The observed rates and
the relative decrease of the area depend on the interfacial
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Fig. 12a—c. Surface pressure change, Az, with time, ¢, at various
distances, x, during a compression with Uy =10 cm’min ' and the
consecutive relaxation of lignin monolayers with a spread amount
of 6 mgm? on a subphase with pH 5.8. a D-L, x,=8 cm,
x>,=20 cm, x3=36 cm; b DHPG, x;=6 cm, x,=17 cm, x3=29;
¢ DHPGS, x;=8 cm, x,=20 cm, x3=31 cm

organization of the films, the chemical structure of the
polymers and the pH. The films with a quasi-monolayer
organization of the 3D lignin molecules, obtained after
spreading 2 mgm > are more stable than the films or-
ganized as a 3D network in the case of deposited
6 mgm °. For the latter, the stability of the lignin films
decreases in the order D-L, DHPG and DHPGS. The D-
L monolayer on the subphase with pH 11 seems more
stable than at the acidic pH. The reason could be related
to the presence of linked phenolic acids.

From the data in Table 2 it should be concluded that
slow reorganization processes with characteristic times
of several thousands of seconds and more occur.

In order to get other information on the structural
reorganization of the layers in the quasi-steady-state
regime with the minimal rate, electrical and optical
measurements were performed (Fig. 9). It is clear from
the surface potential evolution measured in barostatic
conditions with a spread amount of 1 mgm * that the
AV potential is practically constant during the whole
experiment and that it slightly decreases with a spread
amount of 6 mgm °.

Similarly the absolute value of the ellipticity in
Brewster-angle conditions measured at constant area
after a compression is practically constant with a spread
amount of 1 mgm 2 and slightly decreases with a spread
amount of 6 mgm 2. In the two cases a relative ther-
modynamic nonequilibrium situation is noted from the
evolution of the area or of the pressure. From the el-
lipticity data it can be concluded that the number of the
molecules per unit area remains constant in the 2D
system or decreases slightly in the 3D system during the
reorganization processes.

As already discussed, the quantitative interpretation
of &4 () kinetic curves is a difficult task. The dynamic
response of the lignin surface film for the characteristic
times in the range of one to several hundred seconds can
be quantitatively analyzed during and after small well-
defined changes in the surface pressure. Typical results
for An(x, t) obtained during and after compressions with
two different rates, U, =10 and 180 cm’min ', for lignin
films formed after spreading on an aqueous subphase
(pH 5.8) of 2 mgm * are presented in Figs. 10 and
Fig. 11, respectively. Elastic behavior during the com-

d(An)

pression is observed because the slopes (=5~ ) in the

quasi-steady region do not depend on the distance x,
according to Eq. (18). The relaxation process is observed
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Fig. 13a—c. Surface pressure change, Az, with time, ¢, at various
distances, x, during a compression with U, =180 cm’min ' and the
consecutive relaxation of lignin monolayers with a spread amount
of 6mgm?2 on a subphase with pH 5.8. a D-L, x,=8 cm,
x>,=20 cm, x3=36 cm; b DHPG, x;=6 cm, x,=17 cm, x3=29;
¢ DHPGS, x;=8 cm, x,=20 cm, x3=31 cm

after stopping the compression and can be analyzed for
T<1y, 1, by means of Eq. (21) and the data in Fig. 11.
The data obtained for E., E,., 7, and 7, for all the pH
studied are presented in Table 3.

The typical results for An(x, 7) obtained for lignin
films formed after spreading 6 mgm * are presented in
Figs. 12 and Fig. 13. Viscoelastic behavior (a fanlike
dependence) during the compression is observed. The
relaxation process, which occurred after stopping the
compression, is analyzed for 7<t;, 1, by means of
Eq. (21) and the data in Fig. 13. Thus, the values of 1,
and 7, are obtained and they are presented in Table 3.
The characteristic time, 0, responsible for the observed
viscoelastic behavior during the compression and the
values for E, and E,,. were calculated using Eq. (24) and
they are presented in Table 3. The calculation was per-
formed by using the values for t; for the rapid com-
pression (7T=t;) and with those of 7, for slow
compression (7T~1,).

From the data in Table 3 it should be concluded that
during the compression the lignin monolayers, organized
in a quasi-monolayer structure (2 mgm 2), behave as an
elastic 2D body. In this structure two reorganization
processes occur with characteristic times of about 10 and
100 s. In contrast, the 3D network of lignin molecules
(6 mgm 2) has viscoelastic behavior with three reorga-
nization times of about 1, 10 and 100 s.

The part of the nonequilibrium elasticity, accumu-
lated during the compression and dissipated through
an unknown molecular mechanism Eﬁ“%m 100%, is also
presented in Table 3. The more pronounced stability
of D-L in comparison with the films of model poly-
mers DHPG 1is consistent with the data from Table 2.
For the two model lignins, speculation concerning the
interfacial organization can be made on the basis of
Tables 2 and Table 3. Using these data, the compari-
son between the synthetic lignins shows that for a
spread amount of 2 mgm 2 at acidic pH (1.2 and 5.8),
DHPGS forms more stable (slow reorganization rate)
and less dense monolayers (low values for the elas-
ticity) than DHPG. In contrast, for a spread quantity
of 6 mgm > the 3D network stability is similar for
both polymers.

These assumptions are partially supported by the
observations made in Ref. [12] that at low spread
quantities the DHPs behave completely differently, while
at high spread amounts, the structure differences of the
layers are smoothed.
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Appendix

Numerical calculation of E,.. From the fit procedure
based on Eq. (21) in the form

and the experimental data obtained from the relaxation
after the compression with U, =180 cm’min !, the val-
ues for t; are obtained. From the compression per-
formed with Up =10 cm’min ' we take the value of Az,
because at the end of the experiment the relaxation
processes are finished (7> 0, 14, 7).

Then, for the case with 2 mgm * we use Eq. (13) and
(18) to find E,. in such a manner that the calculated
value for dAn/d¢ to be equal to the experimental slope
from the compressions (i.e. we use E,. as a fit parame-
ter).

n(t) = me + A1 exp(—t/71) + A2 exp(—t/12) (41) For a spread quantity of 6 mgm 2, we calculate E,
where using Eqgs. (24) and (25) and different values for o.
Finally, we choose that value for o for which the least-
Ay = (10 — 70) Ele, squares standard deviation is minimal. Using the rela-
=17 " Ene, + Ene, tionship o~! = +/D,0, we find the characteristic time 0
presented in Table 3.
and
Eneo
Ay = (Mg — Too) =—————
> Ene1 +Ene3
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