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Effect of Orientation Distribution and Crystallinity on the
Measurement by X-ray Diffraction of the Crystal Lattice Moduli

of Cellulose I and II
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ABSTRACT: The crystal lattice moduli of cellulose I and II were measured by X-ray diffraction using
ramie and mercerized ramie. The measured crystal lattice moduli were in the range from 120 to 135 GPa
and from 106 to 112 GPa for cellulose I and II, respectively. These values were different from recent the-
oretical estimates of 167 and 163 GPa for cellulose I and II, respectively, reported by Tashiro and Koba-
yashi. To study the origin of this difference, a numerical calculation of the crystal lattice modulus, as mea-
sured by X-ray diffraction, was carried out by considering effects of the orientation factors of crystal and
amorphous chains and crystallinity. In this calculation, a previously introduced model was employed, in
which oriented crystalline layers are surrounded by oriented amorphous phases and the strains of the two
phases at the boundary are identical. The theoretical results indicate that the crystal lattice modulus
measured by X-ray diffraction is different from the intrinsic lattice modulus when a parallel coupling between
amorphous and crystalline phases is predominant, while the values of both moduli are almost equal when
a series coupling is predominant. Thus, the crystal lattice moduli of cellulose I and II measured by X-ray
diffraction are predicted to be dependent upon the morphological properties of the bulk specimens. The
numerical calculations, however, indicate that the morphological dependence is less pronounced with increas-
ing degree of molecular orientation and crystallinity. Thus, it is concluded that fibers and films with a
high degree of molecular orientation and a high crystallinity should be used as test specimens for measur-
ing crystal lattice moduli by X-ray diffraction.

I. Introduction

In previous papers, the crystal lattice moduli of
polyethylene! and isotactic polypropylene? were studied
by X-ray diffraction using ultradrawn specimens. The
results obtained suggest that the stress in a ultradrawn
specimen is almost equal to the external applied stress
and that the homogeneous stress hypothesis commonly
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used to derive the crystal lattice modulus from X-ray
measurement is valid. In related work,? a mathematical
representation based on a linear elastic theory was pro-
posed to account for the dependence of the measured
crystal lattice modulus in the chain direction on molec-
ular orientation and crystallinity.? This description indi-
cated that the crystal lattice modulus as measured by
X-ray diffraction is different from the intrinsic crystal
lattice modulus, but the calculated value is almost inde-
pendent of the molecular orientation and crystallinity,
except in the case of a low degree of molecular orienta-
tion and low crystallinity.

© 1990 American Chemical Society
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The question arises, however, whether or not the crys-
tal lattice modulus measured by X-ray diffraction is equal
to the intrinsic crystal modulus, if derived from measure-
ments on a specimen with a low degree of molecular ori-
entation and low crystallinity. Furthermore, it is impor-
tant to consider whether the conformation and packing
mode of chains within a crystal unit cell are important
factors in the determination of the crystal lattice modu-
lus. Cellulose samples provide suitable materials to pur-
sue this problem, since there exist two kinds of stable
crystal unit cells, cellulose I and II.

The structures of cellulose I and II were reported by
Blackwell et al.4#% According to these authors, cellulose
I consists of a crystalline array of parallel chains, and
the unit cell is monoclinic with dimensions a = 16.34 A,
b=15.72 A, ¢ = 10.38 A (fiber axis), and v = 97.0° with
disaccharide segments of eight chains, the space group
being P2;. By contrast, the structure of cellulose II is
comprised of an array of antiparallel chain molecules,
and the unit cell is monoclinic with dimensions a = 8.01
A, b =9.04 A, ¢ = 10.36 A (fiber axis), and v = 117.1°,
the space group being P2;.

On the basis of the structures of cellulose I and II,45
Tashiro and Kobayashi have calculated elastic compli-
ances taking into consideration intramolecular and inter-
molecular hydrogen bonds.® The calculation was car-
ried out by using the B matrix in the normal coordinate
treatments to save a great amount of computer memory
in the determination of the complicated crystal struc-
ture. They concluded that the crystal lattice moduli par-
allel to the crystal fiber axis of cellulose I and II are 167
and 162 GPa, respectively. This indicates that the crys-
tal lattice modulus of cellulose I is almost equal to that
of cellulose II, and the crystal modulus is determined prin-
cipally by the chemical structure of a molecule and is
independent of the detailed packing of the molecules.
This result is different from the experimental results
reported by Sakurada et al.” Their crystal lattice mod-
uli of cellulose I and I are 130 and 90 GPa, respectively.

In order to address this discrepancy, measurements of
the crystal lattice moduli of cellulose I and II were car-
ried out by X-ray diffraction, using ramie and ramie mer-
cerized with sodium hydroxide. The values measured are
discussed in relation to molecular orientation and crys-
tallinity by using a theoretical model discussed in the
preceding paper in this issue.?2 The results are also com-
pared with the values calculated by Tashiro and
Kobayashi€ to examine the dependence of morphologi-
cal properties on the crystal lattice modulus measured
by X-ray diffraction. First, the orientation factors Fio,
2<!<4and0=<n=<4) and G, (2 <!, n <4) of crys-
tallites are estimated from the orientation distribution
functions of the reciprocal lattice vectors of crystal planes
by the method of Roe and Krighaum;®1! the orientation
factors Figg (2 < I < 4) of amorphous chain segments are
estimated by subtracting the crystalline contributions from
the total birefringence. Second, the crystal lattice mod-
ulus measured by X-ray diffraction is calculated by using
the values of Fion, Gion, and Fig, according to a previ-
ously introduced theory.® A detailed analysis presents
the importance of using fibers and films with a high degree
of molecular orientation and a high crystallinity as test
specimens for measuring crystal lattice moduli.

II. Experimental Section

1. Sample Preparation. Unconstrained ramie fibers were
immersed into hot water containing 0.5% sodium hydroxide
(NaOH) for 10 min to remove several kinds of resins, leached
in running water for 5 h, and dried at ambient condition. The
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Figure 1. Relationship between reduced viscosity n,p/c and
concentration c.

WAXD pattern of the specimen exhibited the typical diffrac-
tion characteristics from crystallites of cellulose I. Next, these
fibers were kept at a constant length, immersed into hot water
containing 20% NaOH for 1 h at 50 °C for mercerization, and
then leached in running water for 3 days and dried at ambient
condition. Through this process, cellulose I was transformed
into cellulose II. The WAXD patterns do not exhibit the dif-
fraction from crystalline alkali—cellulose complexes such as sodium
cellulose I or sodium cellulose II in a sequence of apparently
crystal-crystal phase transformations.12.13

2, Characterization of Test Specimens. Densities of the
ramie and the mercerized ramie were measured with a pycnom-
eter in nitrobenzene-carbon tetrachloride as a medium. Prior
to measuring the density, the fibers were cut into fragments,
immersed in an excess of ethanol for 1 week in an ultrasonic
washing instrument, and subsequently vacuum dried for 3 days.
The crystallinities of ramie and mercerized ramie were calcu-
lated by using 1.635!4 and 1.49715 g-cm~2 for the intrinsic den-
sities of the crystal and amorphous phases, respectively. The
crystallinities of ramie and mercerized ramie were determined
to be 56% and 35%, respectively.

The viscosity-average molecular weights of the ramie and the
mercerized ramie were measured with an Ubbelohde-type cap-
illary viscometer. For viscosity measurements, the dissolution
was carried out by conversion from cellulose to methylcellulose
using dimethyl sulfoxide and p-formaldehyde as solvents at 30
°C under nitrogen.!® Figure 1 shows the results of these mea-
surements, in which 7, and ¢ are the specific viscosity and the
concentration of solution, respectively. The viscosity-average
molecular weight M, was calculated from the relationship [5]
= KMe, assuming K = 3.38 X 10-2 and a = 0.84,17 in which [}
is defined by lim,—o nsp/c. The values were 420 000 and 360 000
for cellulose I and II, respectively. This indicates that molec-
ular degradation under the mercerization is not very signifi-
cant, and both fibers can be employed as test specimens to study
the difference of the crystal lattice moduli between cellulose I
and II.

The orientation of crystallites was evaluated in terms of ori-
entation distribution functions derived from X-ray diffraction
intensity distributions. The orientation of amorphous chain seg-
ments was derived from birefringence data and was estimated
by subtraction of the crystalline contribution from the total bire-
fringence, assuming simple additivity proposed by Stein and
Noris.18

III. Results and Discussion

1. Orientation Distribution Function of Crystal-
lites within Ramie and Mercerized Ramie. Figure 2
shows the crystal structures of cellulose I and II, in which
a Cartesian coordinate system 0-U;U.U; was fixed in
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Figure 2. Crystal structures of cellulose I and II by Blackwell,
in which the dotted line is the direction of hydrogen bonding.

such a way that the U,, Us, and Uj axes are parallel to
the reciprocal lattice vector of the (h00) plane, b-axis,
and c-axis, respectively, so as to make the properties of
this coordinate system orthorhombically symmetric. The
orientation of a given vector r; (reciprocal lattice vector
of the jth crystal plane) is represented with respect to
the polar and azimuthal angles 6; and ®; within the coor-
dinate 0-U,UzU;z. Here we use the same notation as in
the accompanying paper.8

The orientation distribution function of crystallites can
be calculated on the basis of the orientation functions of
the reciprocal lattice vectors measured by X-ray diffrac-
tion, applying the method proposed by Roe and
Krigbaum.®10 The measurements of the X-ray diffrac-
tion intensity distribution were performed using an ordi-
nary horizontal scanning type goniometer, operating at
a fixed time step scan of 0.1° interval for a time of 20 s
over a range of twice the Bragg angle, 26, from 9° to
53° by rotating about the film normal direction at 2~5°
intervals from 0° to 90°.

The intensity distribution was measured as a function
of 26p at a given rotational angle 6;, and corrections were
made for air scattering, background noise, polarization,
absorption, incoherent scattering, and amorphous con-
tributions. The intensity curve thus obtained was assumed
to be due to the contribution of the intensity from the
crystalline phase. The intensity curve I, (20g) was sep-
arated into the contribution from the individual crystal
planes assuming that each peak had a symmetric form
given by a Lorentz function of 26g in eq 1, where 1,0 is
the maximum intensity of the jth peak

1?
I.,(20g) = . (1)
vR Zf:1 + (264 - 28g)*/(8))*

Here § is the half-width of the jth peak at half the peak
intensity and 6o/ is the Bragg angle at which the maxi-
mum intensity of the jth peak appears. By use of the
same process at a given angle 6; in the range from 0° to
90°, the intensity distribution I; (6;) can be determined
for the respective jth crystal plane, and the orientation
distribution function of the jth reciprocal lattice vector
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1,6
2 §:"°1,(6) sin 6, d;

Here it should be noted that there are some crystal
planes whose Bragg angle reflections are located very close
to each other. In this case, the function g;(cos ;) for the
respective crystal planes cannot be represented because
of the difficulty of peak separation. The composite func-
tion gj(cos 8;) includes the contributions of several planes
as follows:

2mgj(cos 6)) = (2)

N;
2mq;(cos ) = QWZCﬁqﬁ(COS 6) ®)
=1

The concept underlying eq 3 was first presented by Roe
and Krigbaum. Nj; is the number of the jth superposed
peaks, and Cj; is the relative (normalized) weight for the
vector rj;. Before numerical calculation by computer; ini-
tial values of C;; are given by

N
Cii= Fﬁ/;Fﬁ (4)

where Fj; is the structure factor of the jth crystal plane.

For a uniaxial system, the orientation distribution func-
tion w(cos 6,7) of crystallites may be calculated from
27q;(cos ;) by a method proposed by Roe and
Krigbaum:2:10

= (Py(cos ) = j;zrj;'qj(cos 6,)P/(cos 6;) X
sin 6; d0-d¢j 5)

[FIOnZ

P[n(COS 91,) COo8 n@ii + GlOnZCjiPln(cos 9”) sin ntbj,-] (6)

= Fu Zc,,P,(cos 6, + 22

20+1)

4r%w(cos 8,n) = - + Z
’ (l-n)'

n=2 ([ + n)!

Here ! and m are even integers; P;*(x) and P,(x) are the
associated Legendre polynomials. The coefficients Fy,
Fion, and Gior, may be represented by the coefficients c;y/,
Ajon, and By, given by Roell

[F,O(,P,(cos 0) +

[Fon, cos nn + Gy, sin ny]P*(cos 8) ] (7

2 e
FIOJ = (m) 21ra,o’ (8)
2 (I+n)]Y?
FlOn = [2[ +1 (l _ n)' ] 47rZAIOn (9)

171/2
2 (H")'] *Bion (10)

Gion = [2l+1 (= n)!

The coefficients Fjp, and G, can be determined by
solving the linear equations represented by eq 6, since
there exist more equations than the number of unknowns,
as was pointed out by Roe and Krighaum.910

The values of weighting factors, p;, required in the least-
squares calculation, were assigned somewhat subjec-
tively on the basis of the concept that the X-ray diffrac-
tion intensity is thought to be dependent upon the struc-
ture factor of each crystal plane. Hence, in this calculation,
weight factors p; as a first approximation were assumed
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Figure 3. Orientation distribution functions 2xg;(cos 4;) of the
reciprocal lattice vectors of the indicated crystal plane of ramie.

Circles: values of 2rq; (cos 6;) obtained from experimental mea-
surements. Solid curves: 2wq;(cos ;) calculated with 19-term
series ([ up to 18) with the use of reconstructed Fio/ value. Dot-

ted curve: the same but with the use of Fjo/ value calculated
from w(8,7) > 0. Dashed curve: the same but with the use of
Fyo/ value calculated from w(f8,7) = 0 at 8 > 30°.

to be almost proportional to the structure factor and were
subsequently modified to obtain the best fit between exper-
imental and calculated results through numerical calcu-
lations by computer.

Following Roe and Krigbaum,%10 the values of F, and
Gion were determined by the least-squares method. In
doing so, the value of C;; was determined by the simplex
method, which is a direct search method to obtain the
object function on the basis of trial and error.'® The ini-
tial values of Cj; used in the simplex method were defined
by eq 4, based on the structure factors Fj;. The calcula-
tion was continued until the best fit was achieved within
the capability of the simplex method. By use of the final
values of parameters, a mean square error between the
calculated Fio/ and recalculated Fjo/ was obtained

Zzpj[(Floj)cal - (Floj)recal]2

R=——" (11)
ZZ[(FZOj)cal]2
] !

Figures 3 and 4 compare the observed orientation dis-
tribution functions 2wg;(cos 8;) (open circles) with those
(solid curve) recalculated for the respective crystal planes
for the ramie and the mercerized ramie. We calculated
the best values of Fi, and G, from eq 6 to minimize
the value of R in eq 11. After that, we recalculated Fyy/,
in turn, from the values of Fy, and Gy, and further cal-
culated 2xq;(cos 6;) from the recalculated Fio/ value by
using the following equation:

20+ 1)

1 a
21rqj(cos 0j) = -+ Z
2 1=
The values of R were calculated by using the values of
C;; and p; to obtain the solid curves in Figures 3 and 4.
They were 23.4% and 8.6%, for the ramie and the mer-
cerized ramie, respectively.

FyPcos8) (12)
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Figure 4. Orientation distribution functions 27g;(cos 6;) of the
reciprocal lattice vectors of the indicated crystal planes of mer-
cerized ramie. Circle: values of 2rg;(cos 6;) obtained from exper-
imental measurements. Solid curves: 27rq,(cos 6;) calculated
with 19-term series (I up to 18) with the use of reconstructed
F/ value. Dotted curve: the same but with the use of Fiy/
value calculated from w(f,c) > 0. Dashed curve: the same but
with the use of Fyo/ value calculated from w(6,n7) = 0 at 6 > 30°.

Returning to Figures 3 and 4, it is evident that fairly
good agreement between the observed and calculated dis-
tribution functions was obtained, even for the less accu-
rately superposed crystal planes with lower weighting fac-
tors. The oscillations of the full curve are due to the
procedure of expanding each sharp distribution func-
tion into an infinite series of spherical harmonics. This
is an expected deficiency of this method. Actually, such
oscillations shown in Figures 3 and 4 have never been
observed for more common and less sensitive distribu-
tion functions 27¢;(cos 6;) used to investigate the defor-
mation mechanism of polyethylene spherulites.2°

Parts a and b of Figure 5 show the orientation distri-
bution functions of crystallites w(cos 8,n) calculated by
using eq 7 with the coefficients Fjo, and G o, determined
from eq 6 with [ limited to 18. As can be seen from the
figures, there exist several highly populated regions and
negative regions that complicate the detailed analysis of
the crystal transformation from cellulose I to cellulose
II. Most of the regions appearing at wider angles of 6
must be artifacts of expansion of the sharp experimen-
tal functions 2wq;(cos 6;) into infinite series of spherical
harmonics. To demonstrate this, we employ two meth-
ods. As the first method, the orientation functions 27g;(cos
8;) were recalculated from w(cos 6,7) by assuming that
negative regions in a and b of Figure 5 are zero. The
calculation procedure is given by

Fy, = j;zxj;'w(cos 6,mP*(cos 8) cos nysin §dé dy (13)

Gion = fzrf’w(cos B,n)P,"(cos 6) sinnnsin8dédn (14)

n)!

[an cos n®; +

J = FioPi(cos ©,) + 22

n= 2(
Gl()n sin n®,1P*(cos ©)) (15)
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Figure 5. Orientation distribution functions of crystallites w(8,n)

calculated with 19-term series of expansion by eqs 5-7: (a) ramie;
(b) mercerized ramie.

1 <@+
2mq;(cos 6) = S+ Z ; Fi/Pfcos8) (16)
1=2

The dotted curves gj(cos 8;) in Figures 3 and 4 show
the results. All curves become smaller, and the calcu-
lated curves are in poor agreement with the observed
results. Returning to Figure 5, it is seen that the com-
plicated highly populated and negative regions appeared
at 6 larger than 30°. Judging from the profile of the dis-
tribution function of the reciprocal lattice vector of the
(004) plane, it may be expected that the distribution func-
tions w(cos 8,7 do not have high dense populations at
wider angles and become almost close to zero with increas-
ing 8. On the basis of this concept, as the second method,
the distribution function «(cos 8,3) shown in parts a and
b of Figure 6, corresponding to the enlargement of the
profiles at # < 30° in Figure 5a,b, is employed to recal-
culate 27q;(cos 6;) by assuming that the distribution func-
tion w(cos f,7) at 8§ > 30° is zero. The dashed curves
gj{cos ;) in Figures 3 and 4 show the orientation distri-
bution of 2wg;(cos ;) calculated on the basis of the sec-
ond method. The calculated curves are in fairly good
agreement with the experimental results. The result dem-
onstrates that the highly populated and negative regions
at @ > 30° in Figure 5 are artifacts as discussed before.

The two populations in the profiles in Figure 6 of w(cos
8,m) in the range of n from 0° to 180° may be explained
in terms of two types of preferential orientation of cel-
lulose I and II crystallites. For cellulose I, the peaks
appeared around § = 9°, 7 = 175° and 6 = 20°, n = 110°,
while for cellulose II the peaks were around 9 = 8°, n =
15° and 6 = 22°, = 105°; the maximum peak of the ori-
entation distribution function of the c-axis appeared at
#; = 0° as shown in Figures 3 and 4. Warwicker2! pointed
out that the spiral angles in the successive layers of ramie
differ, those in the outer layers being generally greater
than those in the inner layers. However, information con-
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Figure 6. Enlarged orientation distribution function of crys-
tallites w{f,n) in the region 8 < 30°: (a) ramie; (b) mercerized
ramie,

cerning these spiral angles is scarce, and precise values
are not available. According to Warwicker’s view, the
former populations in w(cos 6,7) of the ramie and the
mercerized ramie are related to the main spiral angle in
the inner layers along the fiber axis; the latter are related
to the main spiral angle in the outer layers. Interest-
ingly, both the spiral angles of ramie are hardly affected
by mercerization. According to the packing structures
of cellulose chains, proposed by Blackwell et al.,%® the
former peaks for cellulose I and II are related to the inter-
molecular hydrogen bonds {(shown by dotted lines in Fig-
ure 2), and the latter are probably related to the direc-
tion of high electron density within crystal units. On
average, however, the distribution function of the c-axis,
corresponding to the reciprocal lattice vector of the (004)
plane, has only a maximum peak at §; = 0°, which is
indicative of the preferential orientation with respect to
the fiber axis shown in Figure 2. Thus it appears that
the profile of the orientation distribution function w(cos
8,n) is not similar to that of the c-axis obtained by inte-
gration of w(cos #,7) by 7 in the range from 0° to 180°.

2. Orientation of Amorphous Chain Segments
within Ramie and Mercerized Ramie. The contribu-
tion from the refractive index tensor nj; of the crystallo-
graphic structural unit to the principal refractive tensor
N;; of bulk material is given by

3
(Njj) = Z anczl(tiktjl> (17)
k=1 I=1
where ti is, for example, the direction cosine between
the X; axis and the Vi axis. n$;, nj, and nj; are the
refractive indexes along the Us, U, and U, axes, respec-
tively.

3
!

The contribution from the principal refractive index
tensor n;; of cellulose I (or cellulose II) to the refractive
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index tensor nj; is also given by

3 3
(nf) = Z ancz?<mikmjl> (18)

k=1 =1

where m;;, is, for example, the direction cosine between
the U, axis and V), axis, in which n}, n3, and n{} are the
refractive indexes along the V3 axis (chain axis), Vs axis
(normal to the pyranose ring), and V; axis (parallel to
the pyranose ring). In the present case, the Us axis is
equal to the V; axis, and eq 18 can be developed as a
function of the angle &, between the U; and V; axes by

0 —

assuming n;y = 0 (i > j). It is given by
ng = N
nS, = nS sin? &, + n cos’ &,
n$, = n$ cos® &, + ng sin’ &, (19)

The principal refractive indexes n$, n3, and nfj were
calculated from the Lorentz-Lorenz relation by utilizing
the values of bond polarizabilities proposed by Clement?2
and by neglecting the uncertain effect of the internal field
within the crystal and of secondary bonds on the princi-
pal polarizabilities. Thus we have

n% = 1.6328
ng = 1.4708
n% = 1.6190 (20)

The angles &, for cellulose I and II crystal units are -7.0°
and 29.33°, respectively.

In order to obtain the birefringence contribution A, of
crystallites, the mean value (N};) was calculated by tak-
ing the average of the orientation distribution function
over all the orientations of the structural units. The result
is

A, = (N33) = (Ngp) (or (Njy))
c 1 ¢ [ 1 [ [4
= [naa -5+ ng) ]ono + (i - np)Fyy  (21)

Assuming that the birefringence effect of the amor-
phous phase, Aam, may be estimated by subtracting the
crystalline contribution from the total birefringence, A,
we obtain

A~ XcAc
o= T (22)
Here X, is the degree of volume crystallinity and A,y is
related to the orientation factor Fiy as follows:

B = [ 8 - 50032 + s | PR (23)

The indices nj3 and ni} (=n8) for the amorphous chain
segment were also estimated by the Lorentz-Lorenz equa-
tion and are 1.5863 and 1.5061, respectively. Here the
pyranose ring was assumed to be a rotational ellipsoid
around its chain axis. The value of Fag was 0.547 and
and 0.488 for the ramie and the mercerized ramie, respec-
tively.

To calculate the mechanical properties according to
the method in the preceding paper,8 the fourth moment
orientation factor of the amorphous chain segments must
be estimated. Unfortunately, this moment cannot be
obtained from birefringence measurements and there-
fore must be calculated by assuming a common func-
tion. In this paper, the mean fourth power of direction
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Figure 7. Stress-strain relationship for the crystal (004) plane
of cellulose 1.
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Figure 8. Stress-strain relationship for the crystal (004) plane
of cellulose II.

cosine (cos* ) was calculated from an inversely super-
posed Gaussian type function G(8) as follows:

J;'/ZG(B) cos* # sin 6 df

(cos? @) = =
fo G(6) sin 6 d6

(24)

where
G(8) = exp(-6%/26%) + exp(-(6 - m)?/26D)  (25)

The values of (cos* ) can be obtained graphically from
the experimental values of {cos2 §) for amorphous chain
segments, since the relation of (cos? 8) versus (cos* )
can be calculated by varying the parameter s. Thus, the
fourth-order orientation factor Fgy can be obtained.23

3. Crystal Lattice Modulus of Cellulose I and I1.
Figures 7 and 8 show the relationship between the stress
and the crystal lattice strain for cellulose I and II, respec-
tively. The plots show a linear relationship in the given
range of lattice strain. It should be noted that the crys-
tal lattice modulus ranges from 120 to 135 GPa for cel-
lulose I and from 106 to 112 GPa for cellulose II. This
result indicates that the crystal lattice modulus of cellu-
lose I is higher than that of cellulose II. The value for
cellulose I is almost equal to that reported by Sakurada,’
but that for cellulose II is higher. According to a recent
theoretical study of Tashiro and Kobayashi, the elastic
compliances of cellulose I and II are given as follows:¢
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Figure 9. Composite model in which oriented crystallites are
surrounded by an anisotropic amorphous phase.

Table I
Characteristics of Ramie and Mercerized Ramie

mercerized
ramie ramie
crystallinity, % 56.0 34.7
the second-order orientation 0.718 0.714
factor of the c-axis
the second-order orientation 0.547 0.488
factor of amorphous chain
segments
degree of polymerization 1900 1600
Young’s moduius, GPa 26~29 23~24
tensile modulus, MPa 95~100 85~95
elongation at break point, % 2.44 2.34
For cellulose I
S, (107%/GPa) =
1.990 -0.839 0.029 0 0 2.210
-0.839 9.400 -0.054 0 0 -9.530
0.029 -0.064 0.597 0 0 0.005
0 0 0 30.529 -5.416 O
0 0 0 -5.416 13.351 O
2.210 -9.5630 0.005 0 0 32.698
(26)
For cellulose 11
S, (107/GPa) =
5.836 -1.427 -0.021 O 0 1.036
-1.427 6.684 -0.005 O 0 -4.628
-0.021 -0.005 0.617 0 0 ~0.008
0 0 0 48.620 36.864 O
0 0 0 36.864 46.946 O
1.036 -4.628 -0.008 0 0 21.773
(27)

From the value of S33 in eqs 26 and 27, the theoretical
crystal lattice moduli were calculated to be 167 and 162
GPa for cellulose I and II, respectively. Interestingly,
these calculations also show that the crystal lattice mod-
ulus of cellulose I is almost equal to that of cellulose II.
This indicates that the crystal lattice modulus in the chain
direction is hardly affected by interchain hydrogen bond-
ing and is only dependent on the intrachain hydrogen
bonding. Assuming that Tashiro and Kobayashi’s calcu-
lations are correct, the difference between the experi-
mental results of the crystal lattice moduli in Figures 7
and 8 and the theoretical lattice moduli must be due to
the morphological structure of the ramie and the mer-
cerized ramie.

The characteristics of ramie and mercerized ramie are
summarized in Table I. As can be seen in this table, the
second-order orientation factors and crystallinity are much
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lower than those typically found for ultradrawn polyeth-
ylene and polypropylene. Therefore, numerical calcula-
tion was carried out according to the mathematical descrip-
tion discussed in the preceding paper® that accounts for
the effects of chain misalignhment and amorphous mate-
rial on the lattice modulus determined by X-ray diffrac-
tion. This theory is based on a model system shown in
Figure 9, in which oriented crystalline layers are sur-
rounded by an anisotropic amorphous plane, so that the
strains of the two phases at the boundary in three direc-
tions are identical. At g = 1, this model corresponds to
a series one, while at 4 = 1 it corresponds to a parallel
one.?*

The elastic compliances S§) of the amorphous phase
needed in the calculation are not precisely known. Fol-
lowing our crude approximation described elsewhere,® we
estimated the elastic compliances S} and S3; by double
differentiation of Lennard-Jones potential energy func-
tions, while the compliance S33 was estimated assuming
that the modulus along the chain axis is proportional to
the number of molecular chains in the unit area perpen-
dicular to the chain axis. Thus we have

St = S8 = (p./n)'S5,
8% = (0e/ £2) St (28)
where the compliances S¢, correspond to S at 6 = 0
(= 5355 + 355 + 255+ SB)
S5y = S5 (29)
According to Hibi et al.,?5 the other compliances can

be estimated as

a0 — Q80
S44 - S55

20 - _, 80Q80
12 = “VaPn
80 e 80 &0 Qa0

23 = D13 T T¥31°383
28% = (25% + 539
2871 = 2513 + Sgs (30)

where v5; and »§; are the Poisson ratios of the amorphous
phase and both values are assumed to be equal in actual
calculations. The parameter Q was first introduced by
Hibi et al.?5 to calculate the elastic compliance S} of ori-
ented poly(vinyl alcohol) films. The value of Q was in
the range 0.7~1.0 for the best fit between the experi-
mental and calculated value of Young's modulus.

Figure 10 shows the Poisson ratio dependence of Young's
modulus E against Q and & (or u), calculated for various
crystallinities by using the second- and fourth-order ori-
entation factors of crystal and amorphous phases of the
ramie. As shown in this graph, Young’s modulus E
depends on Q and § (or x) but is independent of the Pois-
son ratio.

Figure 11 displays the Poisson ratio dependence of the
ratio E./E.9, in which E; and E.° correspond to the crys-
tal lattice modulus measured by X-ray diffraction and
the intrinsic crystal lattice modulus of cellulose I, respec-
tively. The value of E.° was taken to be 167 GPa calcu-
lated by Tashiro and Kobayashi, as discussed before.®

The results in Figures 10 and 11 indicate that the val-
ues of E and E./E 9 are independent of the Poisson ratio.
The same tendency was obtained for cellulose II. There-
fore, the Poisson ratio was taken to be 0.33 in the fol-
lowing calculations. The significant effect of @ on E and
E./EJ is due to the fact that averaged elastic compli-
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Figure 10. Poisson ratio dependence of Young’s modulus E
against Q calculated for ramie.

ances Si are strongly affected by the value of Sg, calcu-
lated from eq 30, as listed in T'able II. Thus, it turns out
that the shear modulus of the amorphous phase plays a
more important role in the determination of Young’s mod-
ulus in comparison with the Poisson ratios. This depen-
dence becomes more pronounced at 6 = 1, which corre-
sponds to a parallel model.

Figure 12 shows the § dependence of Young’s modu-
lus E, calculated for the ramie and the mercerized ramie.
This result indicates that E depends on the parameter

Q, which characterizes the elastic compliance Sz, as has
been reported for poly(vinyl alcohol) by Hibi et al.25 At
a constant value of Q, E increases with 6. This result
predicts that two specimens with the same crystallinity
and degree of molecular orientation may have different
Young’s moduli, depending on the composite mode of
crystalline and amorphous phases. The calculated results
of the ramie (cellulose I) are in fairly good agreement
with the experimental ones (26-29 GPa), with proper choice
of the values of Q and 6. But those for the mercerized
ramie (cellulose II) are slightly lower than the experimen-
tal values (23-24 GPa).

Figure 13 shows the ¢ dependence of the ratio E./E°
for three different values of Q. For cellulose I, E./E°
decreases with increasing 4, and this tendency is most
significant at @ = 1. For cellulose II, the ratio shows
nonlinear dependence with a peak whose position increases
with decreasing Q. Here the value of 162 GPa calcu-
lated by Tashiro and Kobayashi was used for E;°. The
results indicate that the crystal lattice modulus of cellu-
lose I measured by X-ray diffraction is estimated to be
below the intrinsic values; this discrepancy becomes more
pronounced as é increases. By contrast, the measured
value of cellulose II is estimated to exceed the intrinsic
value at & < 0.7 in the case of @ = 1.0 and at § < 0.88 in
the case of Q = 0.8; it is estimated to be lower in other
cases. At u = 1, the crystal lattice moduli E. measured
by X-ray diffraction are almost equal to the intrinsic lat-
tice moduli E.. The main importance is whether the
morphological properties of test specimens can be approx-
imated with the series model. If the parallel approxima-
tion is more appropriate than the series model, the intrin-
sic values of the lattice modulus cannot be measured by
the X-ray diffraction method.

According to our previous work,® one can avoid this
problem by using test specimens with high crystallinity
and high orientational degree of molecules. The mathe-
matical model developed in the preceding paper® indi-
cated that the crystal lattice modulus E., measured by

Crystal Lattice Moduli of Cellulose I and II 3273

L T T
1.0 1206 =10 dio
z-o.a =0
# §a10p=1.0
o.sF -0.9
[-X%)
[P
N
. i
o8k 06 8-10 08
f+08 8-1.0
=10 8=1.0
0.7+ {0.7
1 1 1
0.35 0.4 0.45

Poisson’s ratio

Figure 11. Poisson ratio dependence of the ratio E./EJ, in
which E. and E° correspond to the crystal lattice modulus mea-
sured by X-ray diffraction and the intrinsic crystal lattice mod-
ulus, respectively, for ramie.

X-ray diffraction, is equal to the intrinsic modulus E.°,
if 1, 6, and Fio0 are unity and Fig, and Gyon, are zero. The
values of the crystal lattice modulus measured by X-ray
diffraction by several authors, however, were almost the
same, within experimental error. This indicates that the
morphological structure of the crystalline polymers used
can be approximated by a series model. For example,
the values for polyethylene and polypropylene by Sakurada
et al.” were almost the same as those measured by using
ultradrawn specimens.!? The numerical calculations dem-
onstrated that the crystal lattice modulus measured by
X-ray diffraction approaches the intrinsic value when spec-
imens with a crystallinity > 70% and the second-order
orientation factor Fago > 0.9 are employed.

The theoretical values of the crystal lattice modulus
have been generally in poor agreement with the experi-
mental ones. Even for polyethylene, the theoretical value
of 315 GPa by Tashiro et al.?6 is much higher than the
experimental values of 215~235 GPa measured by X-ray
diffraction.l” This may be due to the difficulty in deter-
mining the real values of force constants of bonds. The
theoretical values of the crystal moduli of cellulose I and
IT by Tashiro and Kobayashi® remain unresolved prob-
lems. However, on the basis of their values of elastic
compliances, it turned out that the crystal lattice mod-
ulus measured by X-ray diffraction is dependent upon
the morphological properties of a test specimen, and con-
sequently fibers and/or films with a high degree of molec-
ular orientation and high crystallinity must be used for
measuring their crystal lattice moduli.

Judging from the above concept, it is very difficult to
understand whether the morphological properties of the
ramie and the mercerized ramie used in this experiment
can be represented by a series model. This is based on
the fact that the orientation factors and crystallinities of
the specimens were lower than those of drawn polyeth-
ylene and polypropylene used by Sakurada et al.” Nev-
ertheless, it is believable that the crystal lattice modu-
lus of cellulose II obtained in this paper is close to the
real value in comparison with the result of Sakurada et
al.,” since the mercerized ramie used in this experiment
has higher orientational degree of molecules than vis-
cose rayon used by them. In order to obtain more con-
clusive answers for the morphological dependence of the
crystal lattice modulus measured by X-ray diffraction,
the experimental result shall be obtained as a function
of the orientation factors of molecules and crystallinity
using nylon 6 and poly(ethylene terephthalate).2?
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Table II

Intrinsic Elastic Compliance

22 of Amorphous Phase and the Average Elastic Compliances Sjj, S§, Sf;, and

% of Amorphous

Phase Obtained from the Indicated Value of 2 (/GPa)

Q for cellulose I

Q for cellulose 11

0.6 0.8 1.0 0.6 0.8 1.0
20 0.1434 0.1898 0.2362 0.1215 0.1605 0.1995
i 0.1088 0.1110 0.1132 0.0904 0.0924 0.0944
S5 0.0421 0.0491 0.0561 0.0397 0.0459 0.0521
;; -0.0274 -0.0283 -0.0291 ~0.0219 -0.0228 -0.0237
oy -0.00811 -0.0116 -0.0151 -0.00760 -0.0107 -0.0138

20

E (GPa)

15

Figure 12. ¢ dependence of Young's modulus calculated for
the ramie and the mercerized ramie.

©
C

Ec/E
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0.8~

Figure 13. Ratio E./E.° versus ¢ calculated for the ramie and
the mercerized ramie.

IV. Conclusion

The crystal lattice moduli of cellulose I and II were
measured by X-ray diffraction using ramie and mercer-
ized ramie fibers, and these values were in the range 122-
135 and 106-112 GPa for cellulose I and II, respectively.
These values are different from the theoretical values by
Tashiro and Kobayashi: 167 GPa for cellulose I and 162
GPa for cellulose I1.8 Theoretical calculations of the deter-
mination of the crystal lattice modulus by X-ray diffrac-
tion were carried out to investigate whether or not the
homogeneous stress hypothesis is valid even in test spec-
imens with a low degree of molecular orientation and low
crystallinity such as ramie and mercerized ramie. The
calculations were based on a model in which the ori-
ented crystalline layers are surrounded by an anisotro-
pic amorphous phase, and the strains of the two phases

at boundaries are identical. The actual calculation was
carried out by using theoretical intrinsic elastic compli-
ances by Tashiro and Kobayashi and the orientation fac-
tors obtained from orientation distribution functions of
the reciprocal lattice vectors of the given crystal planes
by Roe and Krighaum’s method.®*! It was found that
the crystal lattice modulus measured by X-ray diffrac-
tion is almost equal to the intrinsic crystal modulus if
the morphology of the test specimen can be represented
by a series model. By contrast, if a parallel model is more
appropriate, the difference between the measured mod-
ulus and the intrinsic value can be pronounced. Further-
more, it turns out that the values of the orientation fac-
tor and crystallinity may cause significant effects on the
value of the crystal lattice modulus derived from X-ray
measurements. From a series of results, it may be con-
cluded that the measurement of the crystal lattice mod-
ulus by X-ray diffraction must be carried out by using
films and/or fibers with a high degree of molecular ori-
entation and high crystallinity.
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ABSTRACT: Excimer fluorescence from poly(2-vinylnaphthalene) (viscosity-average molecular weight of
17 000) was used to study the morphology of blends with poly(cyclohexyl methacrylate) prepared by sol-
vent casting from toluene at 295 K and annealing at 413 K. A lattice model involving three-dimensional
electronic excitation transport (EET) was used to interpret the ratio of excimer-to-monomer fluorescence,
Ip /Iy, for P2VN concentration >60 wt %, while an intramolecular one-dimensional EET model was applied
to P2VN concentration <25 wt %. Before annealing there is a much higher probability of formation of
both intramolecular and intermolecular excimer-forming sites relative to the annealed blend. Further-
more, the blends with P2VN concentration below 70 wt % approach the equilibrium morphology charac-
teristic of 413 K much faster than those with higher concentrations. A concave-downward curvature in
Ip /Iy with increasing P2VN concentration indicates a phase-separated system, while a concave-upward
curvature is found for miscible blends. A linear relationship between In/Im and P2VN concentration can
result for miscible blends when there are no intermolecular excimer-forming sites or for immiscible blends,

when the volume fraction of the rich phase is much greater than that of the lean phase.

I. Introduction

Excimer fluorescence is an effective and sensitive mor-
phological tool for the study of miscibility of an aro-
matic vinyl polymer with a nonfluorescent host polymer.1-16
A convenient measure of the degree of mixing at the molec-
ular level is the photostationary excimer-to-monomer flu-
orescence ratio, Ip/Im. One problem with establishing
excimer fluorescence as a quantitative tool, however, is
that there are two photophysical effects that are diffi-
cult to separate: the population of traps and the mode
by which these traps are sampled. In general, each pen-
dant aromatic chromophore can absorb unpolarized light,
and the excitation energy can migrate among the ensem-
ble of chromophores before eventually undergoing non-
radiative or radiative decay from a pendant chro-
mophore or lower energy excimer trap.l” The difficul-
ties in the interpretation of changes in I/ Iy with respect
to blend thermodynamics stem from the existence of sev-
eral types of excimer-forming sites (EFS) and the com-
plex pathway of electronic excitation transport (EET)
leading to excimer fluorescence. The degree of chain coil-
ing and the extent of guest polymer aggregation will influ-
ence both the EFS population and the EET mode by
which these traps are sampled. An understanding of the
coupled interaction between the number and types of EFS
traps and the nature of the excitation transport process
is essential to being able to describe the chain structure
and the blend morphology.

Our objective is to establish a quantitative understand-
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ing of the photophysical properties of the blend of poly(2-
vinylnaphthalene) (P2VN) with poly(cyclohexyl meth-
acrylate) (PCMA). To set the stage for this study, we
first review the highlights of previous photophysical work
on polymer blends and related systems. Initial photo-
physical work was phenomenological and was based on
the simple assumption that the observed In/Im was pro-
portional to the local concentration of aromatic rings. Phase
separation was thus expected to lead to an increase in
In/Im. Experiments were designed based upon the pre-
dictions of equilibrium Flory-Huggins thermo-
dynamics.18

The first group of experiments by several investiga-
tors on relatively high molecular weight polymers empha-
sized enthalpic contributions to the free energy of mix-
ing. Gashgari and Frank+*®? investigated low-concentra-
tion (0.2 wt %) blends of P2VN in a homologous series
of poly(alkyl methacrylates) and observed In/Im to pass
through a minimum when the guest and host solubility
parameters were equal. Similar results were found for
poly(acenaphthylene) and poly(4-vinylbiphenyl) dis-
persed in the same homologous host matrix series. In
addition, Soutar!® observed a minimum in /p/Im a8 a
function of solvent solubility parameter for poly(1-
vinylnaphthalene) and poly(1-vinylnaphthalene-co-
methyl methacrylate) in toluene/methanol and toluene/
cyclohexane mixed solvent systems. A solvent series was
also used by Li et al.2° to examine Ip/Im for polystyrene
(PS) labeled with pyrene groups at regularly spaced inter-
vals. In each of these cases, the value of the solubility
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