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A calculation is rnade of ttre re6active index of a shocked solution of hydrocarbon species
and spheroidal carbon panicles that would be the dissociation products of benzene. The
result is evaluated for benzene shocked to 15 GPa, both for an arbitrary endpoint
distribution of products and reactant, and for a specific endpoint distribution suggested by
a statistical-mechanical calculation. In the case of diamond particles, the refractive index
is predicted to decrease by a small amount (from 1.96 to 1.75) as the dissociation proceeds.
In the case of graphite pafticles of large oblatenes, the refractive index could increase
significantly th,rough the dissociation (from 1.96 ro 2.75 for infinitely oblate platelea).
Thus the measurement of the time dependanr refractive index rhrough the dissociation of
shocked benzene can indicate the morphology of rhe carbon parriculates as well as the time
rcale for this reaction. We propose using the refractive index as a measure of completion of
the dissociation reaction. This would allow a determination of rhe instantaneous amounr
of carbon in parciculate form, information which is valuable in conjunction with Mie
scaftering experimenrc for example.
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Introduction
Recent experimentsl have been performed measuring the optical absorprion spectra

of shocked benzene. The goal of these experiments was ro detecr, rhrough the icanering of
light, the formation of carbon parriculares predicted ro occur in the decomposition of
hydrocarbons under shock. Information that is presently unknown, for example, is the
number density, size, growth rate and solid phase of the carbon particulares. According to
the Mie theory of the scattering of light, rhe amount of light scittered away from the 

-

transmiced beam will depend on both the size and numbei density of particles. Thus,
using this absorption data alone it is not possible ro uniquely determine both the particle
size and total amount of carbon that is in particulate form. However, by measuring rhe
time dependant refractive index of the shocked solution, it is possible ro determine the
instantaneous amount of paniculate carbon.

_ In this way, we propose using the refractive index as a measure of completion of a
chemical reaction, by comparing its instantaneous value to its initial and final values.
This will provide valuable information on the reacrion rares of chemical reactions
uniformly initiated at a well.defined time by shock. Such informarion will be useful in
interpreting data from orher optical measuremenrs that probe the chemical dynamics
behind a shock front, such as Raman or Mie Scattering experimenrs.

In addition, in the case of dissociaring benzene and other hydrocarbons, the
magnitude of the refractive index change is calculated to be srongly dependant on the
morphology of the carbon pafticles produced. Thus, this measrremenr cin be a valuable
independent diagnostic as well. This technique is in principle applicable to any
transparent reactive media.

-ln this paper we develop a prescription for calculating the refracrive index n of rhe
shocked fluid for an arbitrary producr species distribution of Jhocked hydrocarbons and
ellipsoidal carbon paniculates using best estimates of the relevanr material parameters
and their pressure dependencies. In addition, we evaluare the resuh for a speiific endpoint
pro{uc1 distribution suggested by statistical-mechanical equilibrium calculations2. Our
result for the initial and final indices (n1, q) for 15 GPa benzene is that if the carbon
particulates are diamond spherules, then nfn; by a small amounr. However, if the
particulates are graphitic platelets we find that n6>n1 by a significant amount. Thus
measuring the time dependant refractive index, in addirion to characterizing the rime
scale of dissociation and thereby providing important information on reacrio; rares, can
indicate the morphology and material phase oi the particles simply by the polarity of the
etfect.

An Endpoint Product Distribution
We wish to evaluate the refractive index of benzene shocked to 15 GPa since. in

addition to providing a concrete example, those are the conditiors thar correspond ro the
aforementioned Mie scattering experimentl. Unfortunately, there is little factual data on
the endpoint qroduct distribution we could expect for benzene under rhose parricular
conditions. The most relevant information we can apply is a staristical-michanical
calculation for benzene shocked to ?0.6 GPa and 4030K bv Nellisz et al.. The calcularron
was made assuming a highest alkane (C-Hzm.,2) species of m carbon aroms, for m up to 5.
The results are reproduced in Table 1. we note that by several orders of magnirude ihe
alkanes are the dominant hydrocarbon species, compared to alkenes and alkyies. The
amount of fre! carbon (in the form of diamond in this calculation) is approximately 4
moles per mole benzene, and insensitive to m for m>2.'\) 

e estimate that for benzene shocked to 15 GPa, rhe remperarure would be in the
neighborhood of l5o0K. The authorsS suggest rhar if their calcuiation were repeared for



our conditions, a similar distribution may be produced, since decreasing temperaures
would favor larger alkanes, but decreasing pressures would have the opposite effect. So in
addition to calculating the refractive index for an arbitrary product distribution, we will
also evaluate it for the particular endpoint given by Table I with m=5.

Tablc l. Calculated3 Dissocirtion products of beuenc (in moles) pcr mole of reaccant benzene at 4730K and

70.6 GPa. m is the largest alkane species included in the elculation.
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Lorentz.Lorenz Theory of the Refractive lndex
The Lorentz.Lorenz theory of the refractive index is derived in a number of texts4.

ln the case of spherically or cubically symmetric arrangement of molecules the local
electric field 86" is related ro the macroscopic elecrric field E by

Eu=E+&rp.  (1)
The 4rP/3 term is the conrribution to the local field due to rhe macroscopic induced
polarization P of the surrounding molecules. In the case of a liquid, the spherical
symmetry is provided by the randomness of the molecular orientations and positiors.
Equation I is only valid if the molecule is much smaller than the wavelength of light.

The local electric field induces a polarization on rhe molecule aE6a, and a
polarization per unit volume of

P=NaEuc (z)
where c is the polarizabiliry of the molecule, and N is the number density. Substituting
one equation into another and using

(e-  l lE=4tcP (3)

gives the relation between the dielectric constant e (and the index of refraction through

n2=e) and the molecular polarizabiliry

* "+=#r.
This is the Lorentz.lorenz relation. It is useful to define a mohr refractivity as

^= aY-N " (5)
where Na is Avogadro's number. Then we have

G)

#= 
"^"r=hA=,A

(6)



Where p is the deruity, MW is the molecular weight, and

4=+
N a  ( 7 )

is the concentration in moles per unit volume.

Let us refer to the product (nA) as dte refractiuiry. The refractive index of a
solution is computed through the combined refractivity of its components.

lrlAl,ouron= rl/ 1+ rlli2+ . . . (S).

Thus for a given product solution specfied by nt n2,43 . . . , the refractive index is
computed by evaluating the molar refractivities of the individual components, summrng
their weighted conributions through Eqn. 8, and applying Eqn. 6.

The majority of the remainder of the paper concerrr the evaluation of the molar
refractivities of the hydrocarboru and carbon particulace species under shock condiriors.

Room Pressure Molar Refractivities of Hydrocarbons
Using data on the refractive index, molecular weight and density of hydrocarbon

species from the CRC Handbook, we have used Eqn. 6 to calculate rhe room pressure molar
refractivities of species likely to be products of the dissociation of benzene. The resulc are
tabulated in Table 2.



Table 2. Room pressure molar refractivities of hydrocarbons. Computed from CRC Handbook) data for

sodium D lighl Liquids were at 20oC, and gases were assumed to be ideal at standard temperarure and

o ' : : : :=====

Soecies Formula MW densitv index A
Alkanes

hydrogen
methane

ethane
propane

butane
pentane

hexane
heptane

octane
nonane
decane

Alkenes

ethene

pfopene
butene

benzene

diamond

acetylene

Hz
cH+
CzHo
crHe
C+Hro
csHrz
CoHr+
czHro
CsHra
CsHzo
CroHzz

CzHc
c:Ho
c+Ha

coHo

CzHz

2.02
16.04
30.07
44.1r
58.11'lz.r5

86.18
100.21
t14.23
128.26
t42.29

28.05
42.08
) O . L L

78.12
lz.0l
26.04

STP gas

STP gas

STP gas

0.5005
0.5?88
0.6262
0.6603
0.6838
0.7025
0.7176
0.7300

1+1.390e-4

| +4.43? e-4

| +7 .558e-4

1.2898
T) )LO

r.357 5
r .37 5l
r.3877
r.3974
r.4054
1.4102

2.076
6.626
tl.z9
15.963
zu.oJo

25.270
29.882
34.559
39.r93
43.U6
48.3r7

10.7a
15.5b
z0. t l

26.r98
z.ll3c
o?d

0.5951

0.8787
3.51

r.346s

1.501 I
2.4173

!omputed ftom molar refractivity of liquid C2H3CI, accounting for connibution due to chlorine. See
page E-223 of ref. [5].
DComputed ftom C3H5CI as abovea.
cEquation 6 is valid for crystalline materials of cubic syrnmerry.
qComputed 

from sum of pans, according to rule on page E-223 of ref. [5].

For the alkanes, where the number of hydrogen aroms to carbon atoms is given by H=2C+2,
the molar refractiviry is accurately described by

A=1.038H + 2.558C (9)
implying that each alkane carbon contributes 2.558 and each hydrogen 1.038 toward the
molar refractiviry of the molecule.

Note that benzene has a greater molar refractiviry than that compured through
this "alkane rule", and diamond has a lesser value. Thds is the fundamenal reason the
solnrion's refractiue inder ds predicted to chonge through the chemical reaction. On a per
atom basis, the refractiviry of carbon is highest when it is in a form that has unsaturated
bonds such as benzene and lowest in a tightly single-bonded form such as diamond.

Pressure Dependance of the Hydrocarbon Molar Refractivity
We must account for the effect of oressure on the molar refractivities of the

hydrocarbons listed in Table 2. By inspecling the measured pressure dependant
refractivities of several shocked liquids reported in the literature, and fitting ro a common
empirical behavior, we can estimate the change in molar refracrivities under 15 GPa shock
loading.



Figure 1 shows the measured6'7'8 refractive index of several shocked liquids plotted
density.
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Although most of the liquids shown here empirically fit the so.called Gladstone-Dale

behavior (n-I) * p, hexane, the only alkane shown, does nor. We have nor found refractive
index shock data on other alkanes.

In Fig. 2 the data is reploaed in rerms of molar refractiviry normalized ro its

ambient value and plotted versus compression plpO. We find that the molar refractivity
decreases linearly with compression along lines which can be expressed as

L9-=t-plp/^^ - |
A o  L '  Y U  J .  ( 1 0 )

The slope of the lines are treween p = 0 and p = 0.18. Benzene obeys p = 0.15.
Intuitively, we would expect the polarizibility of a molecule to decrease when the molecule
conmacts as the liquid is compressed. We lind this to be the case, excepr for hexane which
remairu constant. We have no reason to expect the molar refractiviry to increase with
compression, and expect that the hydrocarborx of Table 2 will fall somewhere between these

two slopes. Therefore, we will take Eqn. l0withp=0.ll0.l to describe all the non-benzene
liquid hydrocarbors of that Table.
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Figurc 2. Molar rcfractivity versus compression o{ shocked liquids. A is normalized to its unshocked
value, thus the first datum of all liquids coincide. The liquids arc denoted by the same symbols as in Fig.

l. The lines satiS Eqn. 10 for the indicated p.

According to the shock Hugoniot of benzeneg, at 15 GPa plpo = 1.92. Thus A for benzene
is reduced to 86.20/o of its ambient value, and for the other hvdrocarbons 9l+90,6. These are
tabulated in the first column of Table 3.

Table 3. Estimated molar refractivities (A) at 15 GPa, and iteurized refractivity of endpoint solution. (V4)

is rhe number of moles per mole rcactant beruene of species in endpoint sotution, in a volume V. Only
species widr significanr concerrtradon arc listcd- The third column is dre contributed rcfractiviry (times the
volume. )

Soecies A(15 cPa) Vn(moles) V(n  A\

beluene.reaCtant 22.6 22.6

0.9

0.8
z-z1 .81.61 .41.2

Hz
CH+
czHo
c:Ho
c:Hs
c+Hto
csHrz

Lhydrocarbon

1.89
6.03
r0.27
r6.r4
14.53
18.78
23.00

product refractivities

0.1420
0.007280
0.08280
0.0004460
0.4920
0.05150
0.06130

0.268
0.044
0.850
0.007
7.149
0.967
1.410

10.7+1a

aRange obained from recalculating the contributions wi$ p = 0 and p = 6.29.

Molar Refractivity for Ellipsoidal Particles with Anisotropic Dielectric Constant
Next we must compute the molar refractiviry of carbon when it is in particulate

form. To be general we model the particle as an ellipsoid, with semiradii a, b, and c. If the
carbon is in the graphite phase it is likely that the particles are platelet-like. Ve can
model such a particle as an oblate spheroid 1"=f), a>c with an oblateness ratio a/c. Since
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graphite has very anisorropic propefties, we allow for a tensor dielectric constant.
roftunately, the -princip_al axes of t}te dielectric tensor can be taken to coincide with the
principle axes of the ellipsoidal shape, for this mearu rhat the rensors are diagonal and
that tlte,relatiors goveming the optical properties along each principle axis a-re
lnqependent.

The reader is referred to R. Joneslo for the derivation of the generalized dielectric
ellipsoid solution, and ro van de Hulstl I for useful formurae. onlyihe highlights are
reproduced here.

For an ellipsoid in a uniform applied field Eou, there is a uniform field E1r, inside
E io=Eo,  -L4xp  ( l l )

where 
.P is the polarization inside the ellipsoid, and L is a dialonal tensor dependant on the

ratios. berween the. principle semiradii. For arbimary ualues o7 the ,..irraii,'i iilir." tv
an rntegral expression stated in Reference [l0,lll. The sum rule

Ls  +  L22+ Lzs-  |  ( lZ )

folds 
f9J any shape. Thus, for a sphere Lit= l/3. For tt 

" 
,p.iirt case of an oblate spheroid,

a=b. c<a

,r= FJ-1. Lts=ry21.f, o"w,")
e2 (13)

and L22- and L11 are found with Eqn.^12. As the spheroid becomes .o.. ot-I"i. f33
approatgs I and L22, L1 1 approaih 0.

The result of the derivation.is that for an ellipsoidal parricle wirh a volume Vp, the
diagonal elemenrc of rhe polari?biliry tensor ,r. giuJ" by

",,=2---94-!)4n[1 + L;1(e;;- l ) ] (  l 4 )
where e1i are the diagonal elements of the dielectric constanr of the material in bulk form.
Multiplying by 4nl3 and Avogadro's number, and dividing by the number of ,to., p..
particle gives us the molar refractiviry per particulate atom

A,, = Mw (qi - l )
"  p  3L l+Z; ; (e ; - l ) l (  15)

where p is the deruiry of the particulate material in bulk form.
Note that for the case.of a spherical parricle, Lii = ll3 and for an isotropic dielectric

constant' as is the case with.diamond, that Eqn. 15 is-ideniical *ith eq".6, ttie -"i".
refractiviry of a liquid or_ cubically symmetric'solid. This mearu thar the molar
retractivty of carbon in diamond form is- independent of the size of the diamond particle.

lo].t"ll 
the assumption of a uniform field in the deiivation restricrs us to part'lcle sizes

smaller- rhan che wavelength of light.

, l{o* in a liquid the particle orientadon will be random, and the effective value for
the molar -refractiviry obtained by averaging over all angles is rather simple since rhe
tensor is diagonal:

A"n=*@r,  +  A22+ A. r , )  
(16)

We will define the effective value of the molar refractiviry as ihe ualue rhat can be used in
F4ru. 6 and 8, as if the particles were spherical and isotropic.



Molar Refractivity of Spheroidal Graphitic Particles

ROOM PRESSURE
Because graphite is highly anisorropic we expecr particles of this form to be non-

spherical and most likely platelet.like. (The reportl2 cited above observed graphitic
particles in ribbon form, although the aspect ratio between the length and the width of the
ribbon was not very large.) For calculational simplicity, we will assume that the graphite
is an oblate spheroid with a variable equatorial diameter ro thickness ratio (a/c).

To compute the molar refractivity we need the dielectric teruor describing bulk
graphite. We have measured the compiex dielectric consrant of single crystalli;e graphite
(gade ZYA from Union Carbide) ar 632.8 nm by ellipsometry of light reflecred off its basal
plane. Light was reflected at incident angles of 50o and 70o ro obtain an average value for
the complex dieleccic constant

4tgraphite = 6.5+1.5 - i 10.5+1 (  l8)
This corresponds to n=3.110.15 - i1.710.f5. Since according to Snell's law the angle of
propagation of the light transmitted into the graphite is of rhe order l5o - 20o from the
normal to the basal plane, we take this measurement to be representative of the component

of e parallel to the basal plane. The lack of obvious color of the $aphite surface suggests e
does not have a significant wavelength dependance in rhe visible regime.

It was not possible on our sample to make an ellipsometry measurement of a surface
orthogonal to the basal plane, so for the dielectric consmnr in this direction we must make
an educated guess based on the physics of the origin of its polarizabiliry. This is elaborated
in Appendix A. Our estimate for room pressure is

Ekro7,hit" = L.6. (19)

The effective value for A, averaging over all angles for a spheroidal particle is

e"n=\Qtr+ et1.  (20)
Because A1 I is already larger than .41 and weighted rwice as much in fun. 20, A.6J is nor

s!nsitive to estimation errors in !1.
The result for the room pressure value of Agl for graphite spheroids is plorred in

Fig.3 versus oblateness (a/c). The calculation is repeated with e1 twice as large to show

that the variation due to mis-estimaring !f is not as significanr as rhe variarion due to
the particle geometry.
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Figurc 3. Effective rnolar re{ractivity o{ spheroidel gnphitic particles versus oblateness. The effective
value of A accounts for random particle orienation. To show the insensitiviry of the rcsult to !1, A"6 for

the rmm prcssurc case is recomputed after doubling !1 and reploaed as the dashed curve.

A? 15 GPA

We must estimare the value of q I and !f appropriare for graphite at 15 Gpa, where
according to the shock Hugoniotl5, its densiry has increased by zo%. Fig.4 shows e lgraphite
and t diamond in the complex plane. Note that the real pan of graphire,s dielecrric
constanr (6.5) is similar to rhat of diamond

Edia,^1od = n2 = 5.84 el)
This suggests that Re(e) is roughly consanr as graphite is compressed.

Figure 4. Diclectric consants of gnphite and diamood in tle complex plane. Similarity bcrwcen the
rcal parts suggests that Re(e) will bc roughly consant through the comprcsion of graphite. A simplc
model in Appendix B indicates that Q;gaphitc follows the dashed curve, with a 15 GPa value indicated by
the dot.

In Appendix B, a simple model for the dielectric const.nr of carbon rransforming
berween the graphitic and diamond structures predicts that the locus of q I in the complex
plane makes a curved parh to the right of the venical, as suggested by rhe' dashed curve rn
the Figure, and drat Im(e) at 15 Gpa is about l/3 of its inirial value. This decrease in
lm(e) is consistent with an observed increase in transmittance of compresed single
crystalline graphite measured in a diamond anvil cell by Stishovl6 (See Fig. B3). However,
we have no measurements on Re(e) to similarly corroborate the model's prediction that at
15 GPa Re(e)>6. Since we prefer to be conservative in our esrimare of rhe refractiviry of
graphitic panicles we will assume that under compression e follows the verrical line of the
Figure; that at 15 GPa Re(e ) is given by irs room pressure values and rhat the imaginary
pan has decreased by a factor of 3:

!r15cpa = 6.5 - i3.5_ e1156p" = 1.6

-Im(e)

l0

(22)



conservative in our estimation for !graphite, this represents a probable minimum value for
.4.6 for a given oblateness.

Net Refractive Index of Solution
Table 4 summariz!s the estimated values of the contributions to the net refractivity

from the hydrocarbors and from carbn in its different pafticulate forms. The values for a
graphite spheroid will range beween the values given by graphite spheres and graphite
platelets (infinitely oblate spheroids).

Table 4. Summary of estimated refracdvity conributions at 15 GPa and computation of net refractivity of a

i-:"=Y:"::'l':'::J="=:":'l::'::::":ll*i:"=':::b:l:T====
Species A(15 GPa) Vn(moles) VnA
react4nt

benzene 22.6 | 22.6

prodllcts

lhydrocarbons
catbon pafiicubtes

diamond spheres Z.l1
graphite spheres 2.3
graphite platelets 5.5

(ftom Table 3) l0.7tla

3.84 8.r0
3.84 8.8
3.84 Zr. r

aRange for F=(0,0.2)

To compute the refractive index of the solution, we simply sum the appropriate
contributioru in Table 4, divide by the volume V occupied by I mole of benzene compresed
to 15 GPa (V = 46.3.*3), and apply Eqn. 6. The results for the refractive index are
tabulated in Table 5, and its dependance on graphitic parricle oblateness for that case is
shown in Fig. 5.

Table 5. Calculated refractive index for 15 GPa benzene product solutions using the Nellis endpoint
distribution of Table 1 and different particulate forms. Platelets are spheroids with infinite oblatenes.

Solutions n( 15 GPa)
unreacted shocked benzene 1.965
reacted solutions

with diamond spheres 1.?5t.05a

with graphite spheres 1.7q1.05a

widr graphite platelets 2.75+.la

aRange for p=(Q,Q.l)

l 1
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Figurc 5. Celculated final refractive index of shocked bcnzene solution for different pardculate
morphologies. Thc endpoint distribution of Tablc I was asumed.

Per Atom Refractivities
We have calculated above the refractive index of a shocked solution of benzene

dissociation products presuming a distribution of product species. We would now like to
generalize our result to arbirary distribution, so *rat one can judge rhe effect of changing
the endpoint distribution, and so that in the period before chemical equilibrium is
established, one can trace the evolution of n as it travels along an arbitrary reaction parh
trajectory.

Since the number of carbon and hydrogen atoms is coruewed in the dissociation, it
is useful to consider the molar refractivities of the hvdrocarbons on a D!r aom basis, rather
rhan the per molecule basis in which they are currently expressed. (For parriculate carbon,
the two quantities are the same.) Let, denote the per atom molar refractivity. We have
already seen through Eqn. 9 *rat alkanes the per arom contriburions can be idenrified as

zc = 2.558 Aa = r.038 (B)
for carbon and hydrogen respectively at room pressure. Since we are nor constrained, let us
assume ttrat gff = 1.038 in all hydrocarbors and compute the corresponding rC by
deducting the hydrogen contriburion from the values ofA given in Table 2. These are
tabulated in Table 6 for room and 15 GPa pressure.

1 1



Table 6. Per atom molar tefractivities o{ carbon and hydrogen. The 15 GPa hydrocarbon values were

:::T'i=uili"=191"=:"I::":1y:'i="=*:_:"edure 
discussed preceding rabre 2'

Soecies Svmbol .4 (o cpa) .4 (t: cpa)
Catban, in

beruene
alkanes
alkenes

ethene
proPene

butene

auefage

diamond
graphite spheres
graphite platelets

2. tL
3.5
7.5

1.038
1.038

2. t l
2.3
5.5

n 04<

0.895a

Hydrogar, in
alkanes

beruene

AB

AA

3.329
2.558

2.87
L.J)

3.27 2.98
3.@ 2.81
2.95 2.68
3.10 Z.8Z./rL

ttt\

.4GS
Acp

,rta

AtB

a-46a differs from -4116 at 15 GPa because we asumed differcnt pressure dependencies for the host species.

Arbitrary Reaction Trajectory
If one has J different carbon containing species involved in the dissociation of

benzene, then an equation expressing the conservation of carbon will involve the sum ofJ
terms equalling a constant, with each term representing the amount of carbon in the form
of a particular species, Since each of these terms is non-negative, the trajectory of the
disociation reaction (following the carbon) can be mapped onto a J-l dimensional hyper-
tetrahedron. Since in the higher dimensions it is difficult ro visualize the hyper.
tetrahedroru and realize them on a sheet of paper, it is desirable to make simplificatioru so
that th9 reaction trajectory can be represented by 3 or 4 terms on a triangle or tetrahedron
respectrvely.

First, the results of the equilibrium calculation tabulated in Table 1 indicate that
alkane hydrocarboru are stable, alkenes are unstable, and alkynes and benzene are very
urxtable. Thus we will ignore alkynes as having an insignificantly small concentration.
Benzene is similarly unstable, but its concentration is obviously finite at t=0; the amount
of carbon in the form of benzene will be the first reaction coordinate. Secondly, we wlll
consider only one form of carbon particulate ar one rime. Thirdly, because 26 and .41 have
been shown to be nearly identical for all the alkanes of Table 2, we can represent the
distribution of alkanes by a single mean alkane species. (Hydrogen is an alkane species).
The amount of carbon in alkane form will be the third reaction coordinate. Founhly, all
the alkenes will be similarly represented by a mean alkene species. According to Table 6,
.4q for the three alkenes listed range within 60,6 of the average value, so rhis is a reasonable
simplification. \Ue will then have 4 reaction coordinates.

Our discussion below is for 1 mole of reactant benzene. The simplified reaction is

CeIIe + ^'BCalta+ m'p C + m'tr CsH2s,2 + rn'B Cflzy e4)
where m'g, m'p, m'A and m'B denote the number of molecules (in moles) of benzene,
garticulate carbon, mean alkane and mean alkene respectively. The mean alkane is an

13



average over the distribution of alkanes and has a mean carbon number o,

"=[?, ^,^llL^,^1,m'y= lm '1 i

where m'6g are the amounts of individual alkanes of size d. The expression for the mean
alkene is analogous.

From Eqn. 24 we obtain the corservation equatiorrs for carbon and hydrogen:

(2s)

6= ms+mp+rnA+mE

- 2a +2
O=mB+-mA+zmE

d,

(26) and

(27)
where

mB=6 rn'8, m p=m'p, mA= dm'A, ' . ,rd mE=ym'E (28)

The unprimed m are the number of moles of carbon in the form of a particular species.

Carbon
Form

o=3
a=2

cr=I

a=0
as Par t lcu la te  is  i t  i s  42 s l  as Benzene

molgs per mole rs&tanl

Figurc 6. Reaction coordinate map following the form of carbon, for I mole rcactant benzene. The
vertices corrcspond to carbon bcing completely in thc associated species. The coordinate for benrcne for

cxample is normal to, and zero at the Alkane-Particulatc line. c is the mean alkane size. Lines of constant

a arc dravm as dashes. The rcgion above the e- line is unattainable. The endpoint disnibution of Table

I is indicated by the dot. A hypodredcal rcaction E?jectory is shown as cuwed path.

Consider first the plane described by Eqn. 26 when mg=Q. Since all m must be non-
negative, the boundaries of the plane form an isosceles triangle when viewed normal ro the
plane. This is illustrated in Fig. 6. At each veftex, the 6 moles of carbon is completely in
the form of the given species. Eqn. 27 funher consnains the solution to the half of the
triangle adjacent to the Particulate-Benzene edge. The endpoint distribution of Table I is
represented by a dot on the Particulate-Alkane line. A hypothetical reaction trajectory
would begin at the Benzene vertex and would essentially end on the Particulate.Alkane
line in the vicinity of the dot. (The residual amount of beruene at the end of the
dissociation is insignificant.) The exact endpoint position will of course depend on the
character of the shock.

as Alkane

I4



ALKENE

ALKANE

BENZENE

PARTIC{,J1.A,'IE

Figurc ?' Rcection coordinetc map.concideriag ell {our lnrancten. A hypodretical rcaction padr is shown&morutrating how for earlv times- rhe pr"*n"J 
"r 

ri"" f;;d 
"ji."" 

spccies wourd cause thc a.ai!cEory .otemponrily risc above the pAB plane.'

- No* consider the tetrahedron obtained by allowing mE ro vary. This is illustrated
* r!g.-?. The venices are denoted by-th9;.h;.;;;;ic-lettirs. rdi. zT;*i;;'* ,.the haU of. the pEB triangle dos., to rh. FB il;;;l"g.us ro Fig. 6, and in the pAE
plane,.to the half of the iiangle in te i ;-;;:' T.vii".r ..ro:o;';j;;;';;y
initially rise to finite values o?mg. But since th"y ar.'a short-rived species, rhe ffajecrorywill inevitably approach the pABlh;; ;A; ;;pGon of the reacrion.

Final Result

. The ne-t refractivity of. the -solution is computed by summing rhe individual
conributions from carbon and hydrogenr

(?A)sa.uo= 
f,lno 

ea + mp Ap + mA Ae+ mp, Aal + f,rna zaa *(6 - mBl e11al ,.
Note that thp hvdrogen-conrribution from the both the .L*, 

""0 
,*"".r'r* ,.1'r3].**by the very lasr term. For the case where the p"r,i",rl.r", are graphite ptri.i.L, ,ii ur.Acp for 4p and calcurate the refractive t"d;d; Eq;2t ;"d"Eq;.?: tt r, Irlr*la *contours on the PAB and pEB planes in Fig. g.
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Alkane alkEne

Particulate

Graphite Platelets

Particulate

Figure 8. Contow map of calculated refractive index of 15 GPa shocked benzene in the graphitic
platelet case, on the PAB and PEB planes. The dot indicates the endpoint of Table l.

Figure 9 shows the result for diamond pafticles in the PAB and PEB planes.

Diamond Spheres

cr=0
Particulate Benzene Particulate

Figure 9. Same as Fig. 8, but for the case when the particulates are diamond spheres.

Alkane alkEne
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Discussion

. Figure 8 shows that in the case 
9f 

graphire paniculates in platelet form, a large
change in refractive index will result. Thiiwill b; ;r; even if the'endpoi.,io? rru" t *r,
a poor assumption, since the index is calculated to be large all along the pA line. However,
for a panicle of more modest oblateness, say a/cJ, the f,fuar;fr;;,;;;;a.- ,"rv 

"", 
L

significantlv different 6* 
*. initiar according to Fig. 5. Due ; ,il ;r";;;pi" ,r"*..

of graphite, we feel it is unlikely that single ..yrt"tiiri. graphitic pani.les *ouii h..,r.,r,
9b,l?fl..r near uniry. .ln addition, ou, .riirnrt f". th. 8i"L.rri. i."p.r*r'"iis'Cp.gfirphite was conservative so that the acrual index may be larger for a given obhteness
than what we calculate. Thus,.without ktto*i"j ih.i.taib o7 the partl.i"-g.or*i.y *.
can onlv sav that for rhe graphitic case the r"ti.tiu.-i'J.* ;""1,f.i;,;;8.i""*, 

""arhat a large increase is posible.
For the case of diamond particles there is coruiderably less uncerrainry. A spherical

model for the diamond panicle should do uery *e[, ani b;;;i;;;il;i;; so ritrle
at ure modes. pressure of 15 GPa, its material properties should be well approximated by
room pressure va.lues, which are known quite atcuiatery. Thus, if , d;r;;; i" i.?rr.,,u.
noex .' obs!rved' ir is most likely due to a preponderance of diamond particles. (A mixture
of diamond and graphitic 

-particles would prlUu*Ut. 
""ipr.ar.. 

il;;;;r;;;;;.j'

^. ""^ 1j$:!i9n y\ic,\ hap not yet been addressed is'how well ;; ,ti; m.a;;i;i-irop.rr,.,
ot the parricles modeled by bulk values. corsidering the shorr rime scale of their
rormatron' how.ordered ar-e the crystals, and how "dirty" are the particles because of(lclusron ot hvdrocarbons ?.

Particuhte Carbon Amounc
As mentioned in the introduction, one of the motivatioru for measuring the

::!:.-ly" 
index is. to provide a value for th. i*r""trtt"ous amount of particulate carbon, sotnat the particle size can be,ex*acted from Mie scaftering data. The imount of

9a$culale-ca,rbo1 
(mr) is the coordinate asociated witli,h; i;t.;h;r""J* tno.rnrtto the tsf'E plane). since the particle -morphology is unknown, it is necessary to make an

assumprion for the reaction path in order ti, fi"a-*p.

D- 
This doesn't imply.a !reat unceftainry. Thi reacrion path must start in the

benzene comer and will likely be a slightly curved path to thi endpoint. Numerical

:,lytrligT rnay su.sgesr by. ho* much"the path deJiates norn 
" 

,,r'Jgrii h"."'i{.
endpornt is quite likely to be in the viciniry of the endpoint calcularEd from a sratistical-
mecnanrcal numericar simulation, For example, in the calculation thar is reoroduced inTable l, the predicted amounr of diamond '"ii.i o"tv Jiet,I-?i;;; l;i i.:iaii 

"l 
,r,.

assumed largest alkane number was varied from 3 to 5-
, . ]hen the procedure would be ro measure n(t) over a long enough period of time ro

esrablish its initial and final values (n;, 
"i). 

The uaiues ofn;-and,,i ,J""ia1"nn it ,r,.
g3nicle pornhglogv.so that a diagram r*'rogo* to rig. 8 ;;ld * pLp"iJa-.oXi?", *i,t
tnose vatues. L)ne then compares n(t) at the moment in question to ni and n/ to obtain

l._,!_1.1T"-r: completion of reaction, .nd fot6;;[;; j;;;;;;';rriii.jpoi io"r,.rv
to qeterrnme the locus and hence mp.

Appendix A

Escimation of room presswe !lgraphtte

,To 
investigate rhe origin oi the dielectric properties of graphite we need ro

generalrze the relatiorship derived earlier berween the dielecrric consrant and the molar
rerractrvlty to include a lattice of arbitrary lymmetry. The intemal molar refracrivity so
derived will characterize the polarizability or the ..tt" rto^ *i,rti" in. gtrp-ttit]. htti.".
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We will denote it by B to distinguish it from the exremal molar refractiviry A discussed
previously that characterizes the polarizability of the particle as a whole (even though its

value is expressed on a per atom basis. ) Then by comparison with B61".sn4 and of

B I lgnphitc, 81 can be estimated, from which e1 is calculated'- 
ih. di"l."t ic propenies of a lattice of arbitrary symmetry is discussed by Muellerl6

and by Kiaell?. We stan by generalizing Eqn. l. The local electric field will be related to

the applied field bv 
Eu"=E +KaxF (Ar) :

where K is a diagonal tensor expressing the lattice symmetry and is analogous to,the
geomerry factor i introduced in Eqn. ll for the generalized ellipsoid solution. K follows the

sum rule EK11=1, so that for a cubic or spherical symmetry Kii=U3 and Eqn. Al is

identical to Eqn. l.
By a derivation analogous to Eqns. I th'rough 6, we obtain

a,,=W'=-=9'4
p \1 + &;(er - l) l (A2)

Note that for a cubic lattice, this equation is identical to Eqn.6. Thus for diamond B is

equivalent to A.

For non-cubic laaices K*l/3. Mueller computes K for teragonall6 and simpte

hexagonallS lanices versus ?xipect ratio c/a. Kl I and K1 denote the componenc parallel

and normal to the basal plane respectivety, and 2Kt t+Kr-I. These are ploned in Figure

Al. For large c/a, K1 1 asymptotically approaches the lines Kt t=0.370(c/a) and
K t t =0.359(c/a) for simple hexagonal and tetragonal lattices respectively.

:t-:
y
'- letra

? \ .

0 I \

>\ 2

l-

)K
Fig. Al. Geomctry factors for simplc hcnegon:ll6 and tetragouallS latticcs versus inpcct ratio c/a of unit

ccll. 2K1 t+K.L=l. For large c/a, Ktl approaches dre lincs 0.3?0(c/a) and 0.359(c/a) for simple hexagonal

and tecagonal latticcs rcspectively.

The graphite lamice is obtained from the simple hexagonal lattice by translating
every other basal plane by a/2. For lzu;ge cla, the effect of the ranslation of the planes on K

should be slight, so we will model the ambient graphite lartice as a simple hexagonal
lattice with cla-2.36 [ref l9l. Thus K r t =0.873 and Kt=-6.746. Then from our measured

values of !4i"1nond and e I lgnphirc, (ftns. 17,18) and Eqn. A2 we calculate
Bnetaphit = 1.94-i0.159 (Ai)

0 cla

- l

IE



and we already know that
Buurrr-na= Auiorr-rra= 2.11. (A4)

Note the similariry of the real parts. We expecr rhar the polarizability of graphite
parallel to the basal planes is due to a combination of bound and free elecrrons, and that for
diamond is due to bound elecnons onlv. Thus we associare the bound conrribution with rhe
real part having a magnitude near 2. Since graphite conducts very poorly normal ro the
basal plane, we expect the polarizabiliry in that direction to be due only to bound
charges,and therefore estimate

B 4,opna" 
= 2.o . (A5 )

Using Eqn A2 wirh the same K values we work backwards to obtain
t4rqt i te= 1.6. (A6)

Appendix B

Estimation of 15 CPo E | | graphite
As graphite is compressed rhere are rwo quantities that are changing: the crystal

smrcture, and the internal molar refractivity B. In principle, knowledge of both allows

calculation of e, but in practice the evaluation of K for an arbitrary strucrure can be
tedious. The calculation below is done making simplifying assumprions on the behavior of
K and B for several different scenarios that are likely ro encompass the actual behavior.

Under shock compression of 15 GPa, graphite increases its densiry by 20%9. A
pseudopotential calculation of the nansformation of graphite to diamondl9 suggests rhar
in this range of compression the change in intra.layer bond length and buckling angle is
not significant, so that the compression is accommodated mostly by the change in inrer.

layer spacing, and hence the c/a ratio. Let us paramererize the compression by l/p. Figure
Bl plots the change in the geomerry factor K1 | versus compression for two hypothetical
traruformatiors. The scenario marked "non.buckling basal plane" supposes that c/a varies
linearly with Up, and that the geomerry factor is described by the asymptote of the simple
hexagonal curve of Fig. Al, K I l=0.3?(c/a). Because this neglects the buckling in the basal
planes which occurs at the higher compressions, the endpoinr of this path does not coincide
with the locus of the diamond strucrure, indicated by the solid diamond in the Figure.
(The difference in densiry berween compressed and ambient diamond is ignored in rhis
analysis. )

In the other scenario, marked "blended structure", the geometry factor is assumed to
vary linearly between its values at the room pressure graphite structure and the diamond
structure endpoints. The acual path of rhe compression is unknown, but is likely ro fall in
the range berween the rwo hypothetical pa*rs.

l9



0.8 *'ryg

K;1 0.6

0.4

0.2
0.5o.40.3

1tp
Figurc 81. Geometry factor versus l/density for two hypothetical smrctural ransformations. The line
marked nnon-bu&ling basal planes" assumes K is given by *re asymprore of the curve for simple hexagonal 

\

structure of Fig. A1, taking cle* llp. The second transformation asumes K varies linearly between the
room pressure graphite and diamond endpoints, represented by the square and diamond respectively. The
207o incrcase in dre density of graphite at 15 GPa is indicated.

Similarly for B, we consider a scenario where B is smoothly blended between its
graphitic and diamond values (given by Eqns. A3 and A4), and a scenario where B ls held
constant at the graphitic value. Since Re(Bt l) is nearly identical in the two cases, this
distinction essentially affects only Im(Bt t).

For the four scenario combinations, !l I is calculared through the inverse of E4n. A2:

e= r +lMw-- v1-t
lspE I  (B l )

and plotted in the complex plane in Fig. 82. The resuk shows that the non-buckling basal

plane asumption leads to divergent behavior in e1 I. In this case the path of e1 I is
sensitive to choice of B and moves away from the diamond locus with compression. We feel

this is unlikely to be physical since we expect Im(!l l) to decrease wirh compression and
eventually approach the diamond locus. This misbehavior suggesc rhar elther the
assumption of non-buckling is poor, or that the geomerry facror K for compressed graphite
structure is not well approximated by the simple hexagonal value ar higher compressions.
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Figure 82. Calcularcd gaths of e1 1in the courplex plane during compression for the four scenario
combinations described in the texr. The loci for ambient graphite and diamond arc marked by the square
and diamond respectively. The open circles mark the 15 GPa values (207o compresion). In the case of B
blended/non-buckling basal planes, the path cuwes rapidly up and counter-clockwise; the 15 GPa poinr is

off the chart at e=7-i 31.

ln contrast, the case of the blended srrucrure is well.behaved: rhe parh is relatively
insensitive to B and it moves toward the diamond locus. It is interesting to nore thar ir ls

not necessary to have a decreasing Im(B) to produce a decreasing Im(e), as demorsrated by
the B corutant/ blended strucrure case.

The behavior for the blended stmcture case is consistent with observations of the
optical absorption length of single-crystalline graphite normal to rhe basal plane in a
diamond anvil cell by Stishovl5. His results are plowed in Fig. 83 in rerms of Im(n)
versus pressure. They show that Im(n) decreases by a factor of 60 at 42 GPa. (Since

lm(e)=2 Re(n) Im(n) and Re(n) is not expected to change more rhan 30% over rhis range,

we can take Im(e) ". Im(n).) An interpolative curve drawn between the room pressure
datum and the higher pressure data suggests a drop by a factor of 2-10 in Im(n) at 15 GPa.
This is corrsistent with the calculation in the blended stnrcture case, where the 15 GPa
points are marked with open circles and show a decrease in Im(e t t ) of abour a factor of 3.
In contrast, the calculated path,s for the non-buckling case are not consisrent with rhe
measured decrease of Im(n) at 42 GPa.
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Figure 83. Measured imaginary part of refractive index versus pressure for single crysalline gnphite for
photon energies 2 eV (circles), 2.5 eV (squa,rgs), and 3 eV (diamonds). The high presurc data was from
absorption length data measurcd by Stishovl) in a diamond anvil cell for light propagadng normal to the
basal plane. The room prcssure value was mcasurcd by ellipsometry. A simple interpolation suggest the
15 GPa value would range a factor of 2 to 10 times lower than rhe room pressure value.

In conclusion, we believe the acmal path of et lto be similar to the blended structure
case because of its consistency with Stishov's measurements. Because of the uncerninty of

the acrual path, and because we have no measuremenr of Re(et | ) for comparison, ir is

difficult to predict Re(et t) at 15 GPa more specific tlun Re(et t)) 6. However, because we

have a physical measurement of Im(et l), and because our calculated resuh for Im(et t)
appears to be relatively irsensitive to assumprions on B, we are more confidenr in

predicting that lm(et t) at 15 GPa will be about U3 its ambient value.

Estimotion of 15 CPa el.E'dphi.e

When we perform an analogous calculation for e1, we find it is much less sensitive
to choice of path. \7e consider the case where 81 is constant ar 2.0, and where ir varies
linearly between 2.0 and the diamond value of 2.11, and we consider both parhs of K t r
plotted in Fig. Bl and use K1=1-26, t. We find that for borh scenarios of Br, er(15

GPa)=1.8 for the non-buckling plane cases, and er(15 GPa)=2.0 for the blended sffucture
cases.
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