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ABSTRACT: Monolayers, on aqueous 5.0 X 10~ M NaCl, have been prepared from mixtures of bis[2-(n-
hexadecanoyloxy)ethyllmethyl(4-vinylbenzyl)ammonium chloride (1) and dioctadecyldimethylammonium
bromide (5). Surface area~surface pressure isotherms, determined for 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mole fractions
of 1 (xy) in 1 + 5, led to collapse pressures (II,) of 53, 57, 60, 69, 69, and 67 mN m™! and to collapse areas
(w,) of 51, 48, 45, 42, 38, and 32 A? per molecule, respectively. The obtained two-dimensional Il—x; phase
diagram, plateauing at x; = 0.6, indicated the complete but nonideal miscibility of 1 and 5 and the pressure
of a surface azeotrope. Thermodynamic treatment of the data allowed the calculation of the collapse pressures
and the compositions of the collapse phase. Treatment of w, values as a function of x, led to a value of 1.3
kdJ mol™ for the excess free energy of interaction of 1 and 5 in the monolayers. This value is more positive
than that given for the free energy of ideal mixing (-1.7 kJ mol™), indicating the fulfillment of the thermodynamic
requirement for mixing. Ultraviolet irradiation of monolayers prepared from mixtures of 1 and 5 resulted
in the photopolymerization of 1 in the matrix of the mixed monolayer. Photopolymerization rates (expressed
as decay times for the depletion of monomeric 1, 7 values) have been determined as a function of x,, surface
pressure, and irradiation intensity. 7 values were found to increase with a decreasing mole fraction of 1. Kinetics
of photopolymerization have been treated in terms of a two-dimensional patch polymerization model and
in terms of a classical photoinitiation, propagation, and termination model. These treatments led to the
assessment of the average degrees of photopolymerization, L value. Decreasing the intensity of irradiation

or increasing x,; increased the L values.

Introduction

The inherent interest in two-dimensional reactivities and
potential applicability have prompted the renaissance of
molecular monolayers and organized multilayers (Lang-
muir-Blodgett (LB) films) as an area of vigorous research
activity.2® Applications in molecular electronic and
sensing devices require a high degree of uniformity, con-
trollable morphology, and long-term system stability.
Polymerization of monolayers and LB films has provided
an approach toward meeting these requirements. Sur-
factants and lipids containing diacetylene, vinyl, acryl,
methacryl, and styryl moieties have been polymerized as
monolayers at air-water interfaces and as LB films on a
variety of substrates.®15

Following our interest in polymerized vesicles and bi-
layer (black) lipid membranes,'®?> we have launched
complementary and systematic studies in monolayers and
LB films. Initially, we reported results on the photo-
polymerization of monolayers prepared from bis[2-(n-
hexadecanoyloxy)ethyljmethyl(4-vinylbenzyl)ammonium
chloride (1, Chart I), di-n-octadecylmethyl(p-vinyl-
benzyl)ammonium chloride (2), dioctadecylmethyl[2-[[(4-
vinylphenyl)oxy]carbonyl]ethyllJammonium chloride (3),
and n-hexadecyl [11-(4-vinylbenzamido)undecyl]phosphate
(4).2 Polymerization was found to decrease the molecular
area of monolayers prepared from 1 and 2, have no effect
on that formed from 3, and increase that prepared from
4. Rate constants for the photopolymerization of mono-
layers prepared from 1 have been elucidated at different
surface pressures and irradiation energies. Treatment of
the kinetic data, in terms of either a classical or a two-
dimensional patch polymerization model,'® led to the as-
sessment of the average degrees of polymerization (L
values). L values were found to be profoundly influenced
by the intensity of the irradiation. At low intensity, they
reached values in the hundredths. However, they ranged
between 11 and 27 at higher intensities.?? In contrast, the
average degree of photopolymerization of vesicles prepared
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from 1, even at comparably low irradiation levels, was
found to be on the order of 2-20.1® The looser surfactant
packing in the vesicles than that in monolayers was sug-
gested to be responsible for the different degrees of pho-
topolymerization.?

The characterization and polymerization of monolayers
prepared from mixtures of 1 and dioctadecyldimethyl-
ammonium bromide (5) are the subjects of the present
report. Collapse pressures and collapse areas, obtained
from surface pressure—surface area isotherms, have been
analyzed thermodynamically as functions of the monolayer
composition. Similarly, rate constants and degrees of
photopolymerization have been determined as functions
of the mole fraction of 1 in monolayers prepared from
mixtures of 1 and 5.

Experimental Section

Preparation, purification, and characterization of the surfactants
1-5 have been described.? HPLC-grade chloroform (Aldrich) was
used as received. Reagent grade NaCl was baked at 800 °C for
several hours prior to making up solutions for the subphase. Water
was purified by a Millipore Milli-Q filter system provided with
a 0.22-um Millistack filter at the outlet. The specific resistivity
of the water used was 18 MQ cm at 25 °C. Nitrogen was high-
purity dry grade (Union Carbide).

A commercial Lauda Model P film balance was used for surface
pressure—surface area isotherm determinations. Operation of the
film balance was controlled by a Zenith Data System. The surface
pressure—surface area isotherms were visualized on the CRT
screen, and data were plotted by a Hewlett-Packard x—y recorder.
The area and pressure sensitivities were 0.2 A2/molecule and 0.1
mN/m, respectively. Surface pressure was calibrated by applying
the calibration weight onto the calibration cross. The maximum
area available for spreading was 583 cm?.

Spreading solutions were prepared by dissolving the surfactants
in HPLC-grade chloroform just prior to spreading. Spreading
solution (100 uL, 4 X 107 molecules/mL) was spread on the
surface of 5.0 mM NaCl solution, giving an initial molecular area
of 145.8 A?/molecule at = = 0. Nitrogen atmosphere was main-
tained in the trough during spreading, solvent evaporation, and
measurements. The surface of the subphase was cleared several
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times prior to monolayer formation by sweeping with a Teflon
barrier or by aspiration. The subphase was deemed clean when
the surface pressure increase was less than 0.2 mN m™ upon
compression to one-twentieth of the original area and when this
pressure increase remained the same subsequent to aging for
several hours (criteria of minimal aging of the surface).* Effect
of solvent was checked by injecting 200 xL, of CHCl; on the surface
and compressing it to the minimum area available. No visible
residual effect could be observed.

Monolayers, formed from different mixtures of 1 and 5, were
polymerized in a nitrogen atmosphere by irradiation by a 4-W
UV lamp placed 2 cm above the surface of the monolayer. The
intensity of irradiation was attenuated by placing filters into the
beam path. The lamp intensity (without any alteration) was
determined to be 10 + 2 uW/cm? at 250 + 3 nm by a Model 2232
optical power meter. Polymerizations were followed by monitoring
monolayer area variations with time at a constant pressure on
the Hewlett-Packard x-y recorder.

Results and Discussion

Surface Pressure-Surface Area Isotherms. Surface
pressure—surface area isotherms of monolayers prepared
from 1 and 5 and from their mixtures (0.2, 0.5, 0.6, and
0.8 mole fraction of 1 in 1 + 5) on 5.0 mM aqueous NaCl
are shown in Figure 1. All isotherms show the expected
behavior. At low surface pressure, lying on the subphase,
molecules occupy large areas. With increasing surface
pressures they begin to be squeezed and orient their hy-
drophobic tails away from the surface. Following a par-
tially and more fully condensed state, there is a transition
to a compressed (solid) state in the region of 20-36 mN
ml. This transition is characterized by a pressure, II;, and

Photopolymerization of Two-Component Monolayers 2963

£ 186420
Z
! E 40
! -
g L =3 5
Z 6o 2 10
& 5
¢ g
2 ol - »g 20
R s ‘ ‘ ~
® 50 60 70 80
§ surface area, Az/molecule
s 20
[

350 00 150
W Wy

surface area, AZmolecule

Figure 1. Surface area—surface pressure isotherms for spreading
1, 5, and mixtures of 1 + 5 at 0.2, 0.4, 0.6, and 0.8 mole fractions
of 1 on aqueous 5.0 mM NaCl. Areas (w;) and pressures (II;)
associated with the transition to a compressed state were taken
by projecting the intersection of straight lines drawn to the ap-
propriate sections of the isotherm to the surface area and surface
pressure axes. The collapse pressure (I1,) and collapse area (w.)
were taken by treating that transition, similarly. The insert shows
an expansion of the isotherms between 20 and 40 mN/m. Tem-
perature = 24.0 % 0.5 °C.

Table I
Surface Pressure-Surface Area Isotherms®

mol fract of

linl1+5  w,A? w,A? II,mN/m I, mN/m
(14 61 51 53 20
0.2 50 48 57 35
0.4 49 45 60 34
0.6 46 42 69 35
0.8 45 38 69 35
1.0 42 38 67 36
I =315

Ae = 1.3 kJ /mold

2See the Experimental Section for description of spreading con-
ditions. Temperature = 24.0 = 0.5 °C, 5.0 X 10-* M NaCl as sub-
phase. Compression speed = (1-5) X 10~% A%/(molecule s). See
Figure 1 for definitions of w;, w, II;, and II, ®Taken from ref 23.
¢Calculated by eq 11. 4Calculated by eq 4.

by a corresponding area, ;. It is interesting to observe that
all isotherms intersect in the vicinity of 30 mN m™ and
that the surface pressure—surface area isotherms above this
pressure are arranged according to their composition (see
ingert in Figure 1). The equation of state of the “solid”
monolayer is characterized by a relatively small change in
the surface area with increasing surface pressure. This
state prevails until the collapse of the monolayer, char-
acterized by the collapse pressure, II,, and collapse area,
w,. The method of taking w,, w;, I, and II; from the
isotherms is illustrated in Figure 1, and the values obtained
are collected in Table I

Effect of Monolayer Composition on Collapse
Pressure. The collapse pressure of the monolayer pre-
pared from 5 (53 mN m™) is 14 mN m™ smaller than that
prepared from 1. Increasing the mole fraction of 1 (x,),
in monolayers prepared from mixtures of 1 and 5 resulted
in increased collapse pressures up to a plateau of II, = 69
mN m™! between x, = 0.6 and x; = 0.8. After this plateau,
I1, decreased to 67 mN m™ at x; = 1 (Figure 2).

Insoluble monolayers, prepared from a mixture of two
surfactants, can be treated in terms of surface pressure
(I1)-composition (x) two-dimensional phase diagrams if
the external pressure (P) and temperature (7) are kept
constant.?% The collapse pressure of a monolayer con-
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Figure 2, Plot of the experimentally determined collapse
pressures (II, values) against x, the mole fractionof 1in1 + 5
(Q). Also shown are the values calculated for ideal behavior by
using eq 6 (line 1) and those by using eq 7 (line 2), 9 (line 3), and
10 (line 4).

taining two components (1 and 5) that are completely
miscible is given by?#3!

Hc,m - nc,l
lefl exp( Twl +

l-Ic,m - Hc,&
xsMfs exP(T“’s =1

where x,M and xM are the mole fraction in the monolayer
(indicated by the superscript M) of surfactants 1 and 5,
respectively; II.;, II 5, and II_, are monolayer collapse
pressures of pure 1, pure 5, and those of mixtures of 1 and
5 at a given composition (x,™, x;M), respectively; w; and
wg are limiting surface areas (w, values in Table 1) at the
collapse point; f; and f; are surface activity coefficients at
the collapse point of components 1 and 5, respectively; and
x and T are Boltzman’s constant and the absolute tem-
perature.

The activity coefficients are related to x;™ and x;™ by
the interaction parameter [

f1 = exp[I(x;™)?] (2)
fs = exp[I(x,")?] (3

and hence to the interaction energy, Ae
Ae = IkT/8 4)

Substitution of eq 2 and 3 into eq 1 leads to

M nc,m - Hc.l M2
x,M exp| ————w; exp[l(x5*)*] +

M Hc,m - Hc,G
xM exp| ———ws | exp[I(x,")?] = 1 (5)

«T
In the absence of interactions, f; = 1, f; = 1, and
IIc,m = leHc,l + stHc,S (6)

Changes in the collapse pressure of monolayers prepared
from mixtures of 1 and 5 as a function of x,™ will, there-
fore, be ideal (see line 1 in Figure 2). In the presence of
interactions, Il ,, will deviate, of course, from ideal be-
havior. Expansion of eq 1 (or 5) and neglect of the higher
order terms lead to

lew1Hc,1 + stwsnc,s
Oy = 7

leOJl + x5Mw5

which allows the approximation of II,, values of different
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Figure 3. Plots of molecular areas as functions of the mole
fraction of 1 in 1 + 5 at different surface pressures (Il in mN/m).

composition of surfactants. Line 2 in Figure 2 was calcu-
lated by substituting the appropriate parameters (given
in Table I) into eq 7.

A maximum value in the collapse pressure at a given
composition (Figure 2) is indicative of a surface azeo-
trope, 2% characterized by

O, /8xMpr =0 ®

and the interaction parameter at the “azeotrope” is given
by:%0

—(Hc 1 ¢, m) —(Hc 5 c,m) (9)
MR, | TEME L,

Using eq 9 allowed the assessment of the interaction pa-
rameter to be +3.15, which, in turn (by eq 4), led to the
a value of 1.3 kdJ/mol for the interaction energy between
1 and 5. Line 3 in Figure 2 has been drawn according to
eq 5 and 9.

The relationship between the collapse pressure I, and
composxtlon of the collapse phase (x;B and x;B) at the point
of collapse is also shown in Figure 2 (line 4) Values have
been evaluated by

' I, pw
x,B = a;x; exp( = 1) (10)
«T
where a, was determined from
_ O 0, (11)
a, = exp T

Effect of Monolayer Composition on Collapse Area.
Excess Free Energy of Interaction. Molecular area
changes as a function of the monolayer composition at a
given constant pressure are shown in Figure 3. Pro-
nounced positive deviations are evident in the 15-30 mN

-1 pressure range. At higher pressures transition occurs
(Figure 1) and the behavior of the monolayer becomes
more ideal with respect to the surface areas occupied by
its constituents.

Evaluation of the excess free energy of interaction at a
given surface pressure, AG,,, provides a more quantitative
description of the mixing of the surfactants in the mono-
layer.262633-38  Ag wag shown, 1 and 5 are miscible and
behave ideally in the limit of zero pressure; then

AG =fn(w 2 Mo - xMwg) AT (12)
x8 0 1,5 1 1 5 5.
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Figure 4. Plots of AG,," vs mole fraction of 1in 1 + 5 at 50 (O),
40 (m), 30 (), 20 (@), and 10 (0) mN/m.

where w,", ws?, and w; 5" are the areas per molecule at
pressure II for pure components 1 and 5 and for the
mixture, respectively. The integration has been carried
out for five different surface pressures, and the results are
shown in Figure 4. Excess free energies are seen to deviate
progressively from ideality as the surface pressure increases
from 10 to 50 mN m™. Maximum deviation occurs, as in
many other mixed monolayers,3 % in the 0.5 mole fraction
region. AG,M was calculated to be 1.3 kJ mol™ at a surface
pressure of 50 mN/m.

Negative free energy of mixing is a thermodynamic re-
quirement for miscibility of 1 and 5 in the monolayer. This
free energy mixing, AG,,,, is given by

AGmix = AG“H + AGid <0 (13)

where AGyy, the free energy for ideal mixing at 1:1 mole
ratio, is given by

AGy = RT(xMIn x,M + M In xM) = -1.7 kJ mol?
(14)

Substituting values for AGg" (1.3 kJ mol™?) and AG4 (-1.7
kJ mol™) into eq 13 leads to negative AG, and thus the
thermodynamic requirement of miscibility is fulfilled.

Thermodynamic analysis of surface pressure and surface
area isotherms revealed the nonideal miscibility of non-
polymerizable 5 and polymerizable 1 surfactants in mon-
olayers. Maximum collapse pressure of the monolayer was
reached sharply at a mole fraction of 0.6 in mixtures of 1
and 5.

Photopolymerization of Monolayers Prepared from
Mixtures 1 and 5. Kinetics of photopolymerization of
monolayers prepared from mixtures of 1 and 5 were fol-
lowed at different surface pressures and at different light
intensities by monitoring the changes of surface areas as
functions of irradiation time. Irradiations have not led to
photocleavage.?” Typical traces of surface area changes
accompanying photopolymerizations are illustrated in the
insert in Figure 5.

Stopping the irradiation prior to the photo-
polymerization interrupted the surface area change. Upon
the restart of irradiation, the area of the monolayer con-
tinued to decrease at the same rate as it had previously.

Surface area changes of monolayers upon photo-
polymerization have been shown to be best accommodated
in terms of 15,2 where w,, w., and w, are surface areas of

Wy~ We Wy T We

= et/T (15)
wo wo

the monolayer at time ¢, subsequent to, and prior to po-
lymerization, respectively, and 7 is the decay time for the
depletion of monomeric 1. Equation 15 fitted the exper-
imental data obtained for the photopolymerization of
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Figure 5. Inset: Changes of molecular areas at constant surface
pressures of 21 (1), 30 (2), and 40 (3) mN m™ as a function of
irradiation time for monolayers prepared from mixtures of 1 and
5 (x; = 0.8). In the figure, the same data are plotted according
to eq 15.

Table II
Kinetics of Photopolymerization of Monolayers Prepared
from Mixtures of 1 and 5°

mol fract  surf.

of1inl press.,, irradiation
+5 mNm? int s Lo 1,98 ky/k
0.2 21 3.0x10%¢ 711 44
30 3.0x10* 6184 5.1
40 3.0 X 10 6595 4.8
0.4 21 3.0x 10" 643 49
30 30x10% 490 64
40 3.0 X 10™ 1333 24 .
0.6 21 3.0x 10 383 82 57 0.25
21 11 x10* 513 167 50 0.26
21 2.7 X 10%° 1149 304 99 0.29
21 9.9 x 10° 1222 1780 88 0.27
30 3.0x10* 303 104
40 3.0x10* 835 38
40 1.1 x10* 1469 58
40 2.7 x 105 2155 162
40 9.9 x 10% 6765 141
0.8 21 3.0 x 10 400 79
30 3.0x10% 225 140
40 3.0x10% 456 69
1.0¢ 11 3.0x10* 163 193 89 2.9

21 3.0x10* 205 153 244 7.8
26 3.0x10* 145 217

26 11x10* 333 258

26 2.7x10% 556 628

26 9.9 X 10 595 1602

36 3.0 x 10™* 94 335 182 122
40 3.0 x10* 137

45 3.0x10*% 135 233 397 145

¢Temperature = 24.0 = 0.5 °C, 5.0 X 10 M NaCl as subphase.
bExpressed as &, see text and note 39 for details. ¢ Determined by
eq 35. YDetermined by eq 49. ¢Taken from ref 23.

monolayers prepared from mixtures of 1 and 5 (Figure 5)
reasonably well. Upward curvatures were observed, how-
ever, in some of the kinetic plots. This observation was
entirely consistent with the proposed two-dimensional
patch-type photopolymerization model.!® Alternatively,
upward curvatures in the kinetic data may be the conse-
quence of the uncertainties in the infinity values used.
These uncertainties may, in turn, originate in the mono-
layer dissolution, slow collapse during and subsequent to
the polymerization, and cause spurious mechanical effects.
It is preferred, as it was previously,?® to present the data
in terms of single pseudo-first-order lifetimes (obtained
from plots similar to those shown in Figure 5) whose lin-
earity extend to at least 2 half-lives of photopolymerization.

Photopolymerization decay times increase with de-
creasing mole fraction of 1 in the monolayers prepared
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Figure 6. Plots of A[n]/[n] against time (eq 49) for the photo-
polymerization of monolayers prepared from 1 + 5 (x; = 0.6) at
21 mN m™! by using irradiations of ¢ = 3.0 X 10~ (D), 1.1 x 107
(%), 2.7 X 105 (m), and 9.9 X 107 (0).

from mixtures of 1 and 5 (Table II). The two-dimensional
patch-type polymerization model predicts, in fact, this
behavior.!® This model assumes the propagation of the
photogenerated radical chain in two-dimensional patches.
Once a free radical (R*) forms from 1 it will most likely
“chain” to its nearest neighbor. Hence, the effective con-
centration of monomeric 1 that R® sees is determined by
the distribution of 1 in its neighborhood. As a first ap-
proximation, hexagonal packing of surfactants in the
monolayers could be considered. At a low mole fraction
of 1, the number of polymerizable monomers (moles of 1)
available for R* is limited. Chain propagation requires,
therefore, more extensive lateral mobility and longer lived
propagating radicals. This will manifest in increased po-
lymerization or lifetimes. At low mole fractions of 1, r
values are also increased with increasing surface pressures
(Table II).

Kinetics of monolayer photopolymerizations have been
analyzed in terms of two models:* the two-dimensional
patch polymerization model (PPM), already alluded to and
the classical approach (CPM) which considers photoini-
tiation, propagation, and termination rates.

The PPM model describes the photopolymerization of
monolayérs prepared from mixtures of 1 and § by equa-
tions 16-20,38

M2 R, (16)
R, + M —> R, (17a)
R, + M - R, (17b)
R +M-5R, (17¢)

where M is the free monomer, R is the propagating radical,
and R, is made up of a chain of n - 1 monomers added
to R;. The set of reactions described by eq 17 constitutes
the chain propagation. The same rate constant &, is
written for each propagation step, assuming that the
radical reactivity is independent of the chain length. The
propagation of the radicals is terminated by

Ry
R,+R,— P, (18)

ke
R,+R,—P,+P, (19)

where P, P,, and P,., represent polymer molecules
having the number of units indicated by their subscripts.
Reactions 18 and 19 describe combination (coupling) and
disproportionation, respectively. Since both of these re-
actions are bimolecular, they are, for the present purpose,
governed by the same termination rate constant, k,. Ad-
ditional radical deactivation processes are indicated by
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km
R,+ X —P, (20)
The photopolymerization of monolayers prepared from

mixtures of 1 and 5 (eq 16-20) is governed by the kinetic
equations (eq 21-26).

dIM]/dt = I&,[M) - k,[MIZ[R,]  (20)
n=1

d[R,]/dt =
e ®,[M] - ky[R{][M] - ky[Rq] - ky[Ry] §1[Rn] (22)

d[R.1/dt = ~&,[RIM] + &, [RIM] -

alRea) = B[R] T [R,) (29)
d[R;]/dt =
ky{RAM] + ky[Rii][M] - ky[Ri] - IR [Ri] (24)
Summing the infinite number of equations in dR;/dt, eq

25 and 26 describe the concentration changes of M and R
during the photopolymerizations.

d[M]/dt = ~eJ&,[M] - &, [M](R,] (25)
d[R]/dt =
I®,[M] - &,[R] - k[R]?, with [R] = 2 [R,] (26)
n=1

Assuming that photopolymerization of monolayers,
similar to that of surfactant vesicles,!8 is a two-dimensional
process, eq 25 and 26 can be linearized to

d[M]/dt = -8[M] + v[R] (27
d[R]/dt = B[M] - »[R] (28)
where
v = —kyw(t) v="Fk, (29)
8 =ed, (30)

where € is the absorption cross section of the monolayer,
I is the mean intensity of the light source, and &, is the
quantum efficiency for radical formation.®

With initial conditions such that M(0) = M, and R(0)
= 0, the solution of eq 27 and 28 for [M] is

[(My]
P2~ P1

M](®) =

[(py + Ber! — (p, + Bler#]  (31)

where
pre = Yl=(B +v) £ [(B+ »)? - 48(v - v)]V/?] (32)
With the simplification that p, > p; and p; > 8, eq 31
yields
M(t) = Moe_t/f; T= ‘l/pl (33)
which, by expressive changes of concentrations in terms
of area changes, leads to eq 15.

The decay time (7 value) of the photopolymerization is
related to

1 kntk
T &Je ky, + K,

1 kntk
ole k

he

(34)

T
P

Since k, > k,, the average length of polymer chains, L,
can be approximated!® by assuming it to be given by the
ratio of average free radical propagation time to the av-
erage deactivation time per polymer link:
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- kp 1

L~ ky <I>,Je-r (35)
The L values, assessed from eq 35 by using the obtained
kinetic data, are also given in Table II.

The degree of photopolymerization of monolayers pre-
pared from 1 is considerably greater than that observed
for vesicles made from the same surfactant.? This fact
has been rationalized in terms of tighter packing of the
surfactants in monolayers than in vesicles. Paralleling the
behavior of 7 values, the degrees of photopolymerization
are related to the intensity of irradiation and to the mole
fraction of 1 in the mixture of 1 and 5. Decreasing the
intensity of irradiation increased L values for monolayers
prepared from 12 and from mixtures of 1 and 5. This
trend persisted at two different surface pressures, 21 and
40 mN m™ at x; = 0.6 (Table II).

The classical approach (CPM model) considers the ap-
parent photoinitiation (v;), propagation (v,), and termi-
nation (v,) rates:

oy = kol (36)
vy = k[ MI[R'] (37)
v, = ky[R*)? (38)

where [M] and [R*] are the molecular area densities of the

monomer and the propagating radical in the monolayer;

ko, k and k, are rate constants for photoinitiation, prop-
agatlon, and termination, respectively; and I is the mean
intensity of the light medlatmg the photopolymerization.®

Writing eq 36-38, we assumed that all the components
of the light are absorbed for radical production so that v;
is independent of the monomer concentration. Under
steady-state conditions

v=v, [R]=[R] (39)
kol = k[R];? (40)
where [R], is the molecular area density of the propagating

radical under steady-state conditions. The apparent po-
lymerization rate, Vg, is

Ve=uv;+ v, (41)

and if the chains are long, v; « v, eq 40 simplifies to
Vs = v, = ky[M](ko/k)VUM? (42)

An advantage of the classical treatment of the kinetic

data is that the average lifetime of the propagating radical,
Tav, Can be assessed. The radical production rate is

d[R]/dt = kol - k[R]? (43)
Substitution of eq 40 into eq 43 leads to
d[R]/dt = k([R]? - [R]?) (44)

which upon integration becomes

(1 + [R]/[R],

m) = 2k,[R]¢t {(45)

The average chain radical lifetime, 7,,, is defined as
Rl __1
k [R]s t[R.]s

and the change of monomer concentration with time, ex-
pressed in terms of surface area changes, A(n), is given by

alnl = f "k, [MI[R] ¢ @

(46)

TB.V

where t; and ¢, represent some initial irradiation time and
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Figure 7. Plots of the logarithms of polymerization rates against
the logarithm of intensities of polymerizations of monolayers
prepared from 1+ 5 (x; = 0.6) at Il = 40 mN m™ (Q) and II =
21 mN m™ (%). k is defined as the first-order rate constant.

the time when the steady state of polymerization has been
reached. Integration of eq 47 yields

A(n) = k,[M][R]7, In cosh (t/7,,) (48)

which upon rearrangement (¢t > ,,) results in

A[n] kp 1 ko
-2

[n] kt Tay kt nZ (49)
Thus, a plot of the left-hand side of eq 49 against time (¢)
should give straight lines from which the slopes and in-
tercepts 7,, and k,/k; can be calculated. Plots of the data
according to eq 49 are given in Figure 6 and 7,, and k,/k;
values are collected in Table II.

Both the PPM (eq 15 and 34) and the CPM (eq 42)
models predict a first-order change of the monomer surface
area as a function of the irradiation time. The two models
predict, however, different intensity relationships. Plots
of the logarithms of photopolymerization rates (log V; in
eq 42 and log 1/7 in eq 34) against the logarithms of light
intensities (L) should give straight lines with a slope of 0.5
if eq 42 prevails and a slope of 1 if eq 34 represents a better
model. Figure 7 shows such plots for the photo-
polymerization of monolayers prepared from a x; = 0.6
mixture of 1 and 5 at II = 21 and IT = 40. The slopes of
these plots, 0.58 and 0.63, respectively, indicate that the
classical photopolymerization model satisfactorily describes
the results. It is interesting to note that slopes of similar
plots obtained in the photopolymerization of monolayers
prepared from 1 (i.e., x; = 1.0) had values that depended
on the level of irradiation. Slopes of 0.95 and 0.40 were
obtained for photopolymerizations mediated by high (laser)
and low (steady-state) intensity irradiations.?
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ABSTRACT: The temperature dependence of the crystal lattice modulus of polypropylene was measured
by X-ray diffraction using ultradrawn films produced by gelation/crystallization from solutions. Measurements
were carried out in the temperature range 20-160 °C for specimens with draw ratios of about 100. The measured
crystal lattice modulus was in the range 40.6-41.4 GPa, and the values were independent of temperature.
In contrast, the storage modulus of the films decreased with increasing temperature. This discrepancy was
related to an increase in the amorphous content with increasing temperature, and this tendency became enhanced
at temperatures above 130 °C. Furthermore, in terms of relative molecular orientation, the relaxation mechanism
was discussed as a function of draw ratio by using master curves constructed by shifting horizontally and
then vertically. Thus the Arrhenius plots of log shift factor versus reciprocal of the absolute temperature
indicate that there exist two mechanical dispersions corresponding to the o and 8 mechanisms for drawn
specimens with draw ratios >100. The values of activation energies associated with the « and 8 mechanisms
decrease accordingly as the draw ratio increases. Incidentally, the values, 129 and 82 kJ/mol, of the « and
B8 mechanisms for the undrawn films are lower than those reported already.

Introduction

It is well-known that molecular chains with ultradrawn
films are aligned almost perfectly in the stretching direc-
tion. Such a simple morphology has the advantage of
permitting an estimate of the crystal lattice modulus and
the mechanical dispersion of polymeric materials.> On
the basis of this concept, Matsuo et al. have studied the
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temperature dependence of the crystal lattice modulus?®
and the crystal dispersion*® using ultradrawn polyethylene
films prepared by gelation/crystallization from dilute so-
lution by the method of Smith and Lemstra®’ and then
were elongated in a hot oven at 135 °C. The temperature
dependence of the crystal lattice modulus was measured
in the temperature range 20-150 °C for the specimens with
the draw ratios >300.® The resultant values were inde-
pendent of temperature up to 145 °C (close to the theo-
retical melting point of 145.5 °C8) and were in the range
211-222 GPa. In contrast, although the storage modulus
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