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- . - - , ' • - o , . : .r,T-! •- •; ;-.,3 KOT^COUB foTr, are ijTcnrr.in ••; i nc reas i.n~l;/ ir.^or

••.r.or"n":ciiK s o l i d s Tiosness a •'•frozen - in" l i q u i d

r;:.r'.ioturR: "I:no at-jnio arraiigencti is in thoso Reliefs are not sp

TiTiodic. Tli^ir X - ray •] if fraction Patterns consist of ono or more

broad and diffuse ri:itr^ (valon) . filari) linos characteristic of long

range oTxior1 arc5 not prsaont,. Character! zation of t.herse rateriala is

""Tried out In tormE of a radial distribution f'jnotion(EB?) which

determines the nunbor of atoms surrounding a rjivon atom i .e . the

' coord-M" + i on number ' at a f̂ iven radial distance from ths ^iven atota.

Tlie position of the peak in ths radial distribution curve gives ths

c;opt provable intornl.nnio distance between a nair of atoiast and its area

the coordination nun'bor. Thp coordination number can be compared with

a ,<jiven model and hence the most nriboble arrangemrint of atoms in the

samplo unv1 er study can be inferred, '̂v̂  ^.dvanta^ of this method is

that a comparison of different models is possible.

The X — ray diffraction patterns of al l ty^es of

annrphoup carbon studied sofar show two broad lialos in the approximate

neighbourhood of diffraction angles corresponding to the 002 and 100

planes of Rfapliite. This led the early workers ( 1-7 ) to assume that

amorphous carbon consisted of v-iry stnall particles of ^rp^hite so

arranged that only the 002 and 100 reflections remained intact, while

the remaining peaks cancelling out. Although some authors onserred

additional ^eaks, the concept of the defective graphite crystallite as

the basic model remained intact, the model being continually refined

( 7-20 ) to loootnodate the experimentally observed information.

Ifelson (6) was the f i rs t to apply the technique of

radial distribution analysis developed ~ay tfarren and Gingrich (21) to

the analysis of carbon structure. Warren and Kozzi (22) improved this

method further. The present analysis of the structure of amorphous

carbon is based on the technique described by Warren (23).
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In tho past, X — ray diffraction patterns of amorphous

carbon have genr-vi.lly been recorded using the film technique of

Debye — Soherror ( 1—7, 4-23 ) , Because of several limitations thin

method ia not likely to furnish data of high accuracy a? '-rath modern

diffractometers (2-3). Recently Sanyal et al (ij) have reported radial!

distribution analyses of amorphous carbon samples obtained from the

pyrolysis of benzene, sucrose and toluene, etc., using ~n X — ray

diffractometer. These authors employed ITi — filtered Cu - Ki- radiation.

Cu — KJ- radiation allows one to record diffraction patterns only u" to

K ( =• 411" nine /\ ) equal to about at the most 3 A, whereas tho radia]

distribution analysis demands the diffraction patterns be recorded for

as high a value of K as possible (33,28). Also the diffraction patterns

of various carbon samples reported by Sanyal et al (29) appear to show

narrow bands superposed upon the broad halos . Their values of the

coordination numbers and interatomic distance differ significantly from

other authors (25—28) and even in their own work, from sample to sample.

This is shown by the results listed in Table 1. They attribute these

descrepencies to the structure of the parent material which in their

opinion plays a vital role in determining the structure of carbon black.

Their radial distribution curves are also different from those reported

by various other workers (24—28). The value of the samples used to

compute the RDF — curves is not given in Sanyal et al (29).

Inspite of all the efforts made sofar, the interpretation

of the amorphous carbon structure atill remains controversial. This

element crystallizes both with tetrahedral symmetry (diamond) and with

layer structure (graphite). The radial distribution function shows

the nearest neighbour distance to lie between 1.54 A (for diamond) and

1.41 A (for graphite). The area under the first peak yields a first

coordination number between 3 (for graphite) and 4 (for diamond). This

indicates that the material ia an intricate mixture, at the atomic level,

of two coordination types. Warren (25—26) explained his results in terms

of single graphite layers existing in the sample. Boiko et al (31)

claimed that their vacuum - deposited films had a disordered structure

similar to that of graphite. Kakinoki et al (32) on the other hand

* These features tend to suggest that their samples were not completely

amorphous, having a comparatively higher degree of structural

order in the lattice (30).

-V

ciaim their samples to he 50 at .0 diamond — like. It should be noted
o -1

that the maximum at 1.2 A reported by these authors does not corres-

pond to any grrvnhite or diamond ^nak and cannot be explained in terms

of either structural model (16). '•HE and Raman spectroscony studies

mado on amorphous carbon films do not support the possibility of

" diamond — like " 4 — fold coordination (33).

Stenhouso ft al (16) have dealt with the problem

theoretically. They suggest that a simple modelling of the EDF for

amorphous carbon is not possible. There are at least +wo forms of bon-

ding analogous to graphite and diamond (16~).

In the present p a w r , we present information on the

structure of amorphous carbon obtained from a different source (graphite)

and using a modern coputer controlled X - ray diffractometRr. ^o the

author's knowledge no such studies are reported on amorphous carbon

samples obtained from graphite.

2 . BXP3RIEENTAL

Samples of amorphous carbon used in these s t u d i e s were

obtained from the PCSIH — L a b o r a t o r i e s , Karachi , and wero prepared by

mel t ing the graphi te powder. These samples were a deep black with a

b r i g h t sh in ing g l a s s — l i k e appearance and were in the form of i n g o t s .

They were ground to a g ra in s i ze of about 5 p u "Purity of the samples

was determined from an ^ - ray floureBcence a n a l y s i s . They were found

to be about 99.97 a t '% carbon, wi th a tota"1 m e t a l l i c impuri ty content

not more than 100 ppm. The main i m p u r i t i e s in the order of dec reas ing

concen t r a t i on , wereFe,JTi , Zn,Mn, and Cr. The samples were completely

amorphous any c r y s t a l l i n e content l y i n g below the r e s o l u t i o n of the

T - ray d i f f r a c t i o n t echn ique . The d e n s i t y of t h i s form of oarbon was

measured to be 2.23 - 0.02 gm. em .

The X - ray diffraction Patterns were recorded using

a computer controlled X - ray diffractometer. Gu - K<J*( X = 1.5418 A )

and Mo — K^.(^= 0.711 A ) radiation monochromatized by a graphite cry-

stal monochromator placed ijn the path of the diffracted beam, was used.

The finel experimental intensity scattering curve was obtained by com-

bining the measurements made with Cu - K^ and Mo - K^radiation.

Intensities were recorded at 0.1 2Q using a Hal detector. The counting

time used v»-s 40 sec. at each step. The number of counts recorded
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was larffl onoufjh that the s ta t isiin??.! error -i-ras less than 1.0 at fo. rPhe

experimental in tens i t i es wore corrected fnr a i r scat ter ing, the po la r i -

zation of the 7. - rays and absorption in the specimen according to the

procedure described by KT"^ "nrt 'U^xand'-T f?8).

To obtain Vr,<? independent scat ter ing curve for c rbon ,

values of the atomic son.taring factors and incoherent factors -.-ere

obtained from t"-_e International Tables for Crj-stallo^-rachy, Volume IV

(Aynoch i r e s s , Birmin^'hai::, 1-974). '" ° noT^alize the experimental inten-

s i t i e s to electron uni ts , i:-e corrected T'o - J_i- intensi t ies were First

f i t i c 1 to tho total independent scat ter ing curve at large values of K.

ITOIICG the entire "?—/^intensity curve could "bo normalized to electron

un i t s . T'-.o '.''i - "A dii1-:. i,-â  'V.r pn *ted and eo:.i:ja:.*ed vrllh t.;_o Zc. - "J-

::'.*.::.!;_-„ uti .j. c^-;,' :"..- ' ' - : .;.\JOSO of normalizing the Cu - KJ. data to

electron un i t s . The ooiit ri'.iuti-ir! •;? tho multiple scat ter ing to the

in tens i t ies was doducod folloirinj 'i-'.io nstiiod of 'farren and T̂ OEzi (32).

?or a flat difi'r-ietono lor nanplo the diffracted intensity

is jiven IJJ- (23)

e""" t t'-e spurious r ipples duo to truncation of the

4( H2 + K5^!!!

JT = A { / 2 F

iTiî pn -\ -js t'.io .?r™p, of crona-spction of fcho X — ray T>ean,J i s the

number of at or.?: ~î r ii:i Lt volume, R i s the radius of tho focussing

ci rc le ind \x ir, t':.o absorption ooo'"f Lcient. f is tl.e aConic scat ter i i ig

fac tor .

.3;/ KUIDtractir..^' U,o coutributi^ri of Ar.o ihird tei'in Tor

!.?...} s™a]l — an, ;ii i-0{;ijn aiid uBinL; I'..a inversion I'nlaiiona of tlie Fourie

iiii,3;Tal, u'.'j- r a c i a l uis'ii-i^irti-On f r ic t ion caji '_>e eTcoropR'V^ ' i (23)

1̂
•n

" ' o t"rr. -"ffv's (i-) is 'j!•>••) raf.;.al rl Lr-f-iVuticKi funcMcn wliic"1 riv(?s

':•(• nm'jc;1 of .1 :.o;;-.s '1,/in.-!- JOI-IGJI shells of rar'I.UG r and r+dr wit;-.

i'3SToct to an ?.!:on at i.'-'.e ori.-.-ion. In : ro' ' '^ :i- ••• .̂ t"inp-3raturi= factor

i-rto"ration at- f in i t e value of K ( t'.ie narimim value oC K for which

observations were (?) ueconias

KK i(K) sinKr e~ dK (4)

with

- 1/ K

and

3 .

K = 17.4 A
max

evaluating the integral of equation (4) ws used a step in K of 0.05.

- P -

R3SULr:'S iUID DISCUSSIOIIS

Results of these inves t iga t ions are shown in Figures 1

to 3 . F ig . 1 shows the X - ray s ca t t e r i ng curve(curve A) in electron

u n i t s , obtained by combining; the r e s u l t s of Cu - K^and T'o - Kj.

r a d i a t i o n s . In th i i firrure curve A is compared to the theore t ica l

independent s c a t t e r i n g curve for carbon, coherent (curve T>) . incoherent

(curve C^nd coherent plus incoherent (curve B) s c a t t e r i n g . In Fi£.2

the experimental anl i tude function Ki(K) i s p lot ted as a function of.K.

Fig.3 shoTJB the r ad ia l d i s t r i bu t ion function for the samples of

amorphous carbon curr^ntTy boinff s tudied . The RDF shows only three

well defined peaks. There are hovevir, two more very broad and diffuse
0 0

peaks centred arround 4.4 A *nd 5 A. The dotted line in Fig. 3 is

the 41/r / - curve. The inter?tomio distances and coordination

numbers obtained from these studies are l i s t ed in Table 1. These are

compared with the resu l t s reported by Sanyal et a l (29) . The small

peak below 1 A. region in Fig.3 is due to termination errors.

The present, studies indicate an average of 3.15 nearest
o

neighbours at a distance of 1.44 A, 10.7 a^cond neighbours at about
o o

5.57 \ and 16.5 third neighbours at about 3.0 A. The f i r s t interatomic

distance as obtained from the present invest igat ions, l i e s between
o

that of the three nearest neighbours in graphite (1.41 A.) and tho four
o

nearest neighbours in diamondfl.54 M• This suggests the presence of

some diamond - type l inks; indeed the f i r s t and second coordination

spheres Have coordination numbers (3.15i 10.7) which l i e between those

of graphite (3 , 6) and those of diamond (4, 12). Therefore,the

structure of amorphous carbon samples under present studies cannot be

explained simply as gxR-ihite - like layers, as suggested by Warren

(25, 26) and 3oiko Rt alCil) for carbon black. Our resul ts also differ

significantly from those of Sanyp.l et a l (29) . We did not observe the



peak in tlie RDF - curve describing the double - bond distance observed

by,Sanyal at al(29). Also we did not observe i band at sing/x ~ 0.O7

A in the =>Tr,srimental intensity curve.

He believe that thes^ structural studies are an important

determinant of the eta tapped behaviour of amorphous carbon.
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Peak Tioiitions and coordination numbers for amorphous carls on

as obtained from present studies and ihose roported in

Sanyal at al (?9) for different cnrbon t lack simntrif; ohtain^fl

from: (A) ultracarbon, (B) bsnzaiiG, (C) suclroso, (D) toluene.

Peak pogitione Coordination numbers

o
f

PEAK HO. 1

T h i s work

A

75

1.44 2.51

1.45 2.3

1.4 2-V

3 . 1 6.43,95 4.7 5.5

4.0 4.8 5.6 G.A^ I.'1

C 1.35 2.48 3.15 3.8 4.75 ' 5.75 S.6 7.5

D 1.3 2.25 3.1 4.05 4.95 5.85 6.75 7.8

"M1^ 10.7 16.5

4.1- 5.8 n .0 15.0

.. . 9 , ' . P ir. . .•] :J,-- ,fi

2.4 4.8 4.4 13.0

2.7 5,.6 n.2 16.6
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