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s tra in  an d  te m p e ra tu re , depends on  th e  m e th o d  of rubb ing . The th ird  group 

includes effects of surface c o n tam in a tio n . The la s t  group  includes factors 

in h e ren t in  th e  process of ru b b in g . U n like  g roups tw o  an d  th ree , th ese  factors 

o p era te , how ever carefu lly  o r cu nn ing ly  th e  ru b b in g  be conducted . Thus it  

com es a b o u t t h a t  th e  charges p roduced  b y  friction a re  n o t sim ply  those set 

u p  b y  m ere  contact, as in  th e  v o lta  effect.

This p a p e r is ex p erim en ta l. W o rk ing  on p u re  e lem ents  an d  th e  sim ple 

re frac to ry  m a te ria l, silica, w ith  im p ro v ed  a p p a ra tu s  a n d  m ethods, th e  re la tion  

is exam ined  betw een  th e  v o lta  effect a n d  th e  trib o e lec tric  effect. The two 

effects p rove  to  be som ew hat s im ilar, b u t  th e re  are  d isparities. The con

clusion reached  is th a t ,  of th e  fou r g roups in  th e  eq u a tio n  th e  first is, a t  leas t in 

th e  case of th ese  spec ia lly  chosen  a n d  carefu lly  p re p a red  m ateria ls, p a ra 

m o u n t fo r m o st e lem ents , b u t  n o t  fo r all.

An X-Ray Investigation of Normal Paraffins near their Melting

Points.

B y A l e x  M u l l e r .

(Com m unicated by  Sir W illiam  Bragg, F .R .S .— Received Ju ly  12, 1932.)

[P l a t e  13  ]

Introduction.

The p re sen t p a p e r  is  a  c o n tin u a tio n  of p rev ious w ork* on th e  therm al 

expansion  of no rm al paraffins. I t  is confined to  a n  in v estig a tio n  of th e  lattice 

changes w hich  ta k e  p lace  in  th e  ran g e  betw een  room  te m p e ra tu re  and  the 

in d iv idua l m eltin g  p o in ts . T he o b servations  a re  ra th e r  com plex an d  certain 

difficulties in  th e  in te rp re ta tio n  of th e  X -ra y  ph o to g rap h s arise w hich make 

fu r th e r  in v estig a tio n s  necessary . Such  w ork  is now  in  progress. There 

were, how ever, severa l u n exp la ined  p o in ts  in  th e  la s t p ap e r w hich are now- 

c lear an d  d e a lt w ith  in  th e  p re sen t w ork.

Range of Materials.

The investiga tion  w as carried  o u t w ith  15 specim ens rang ing  from  C18H 38 to 

C44H 90. The m eth o d  of th e ir  p re p a ra tio n  has  been  described previously.

* ‘ P ro c . R o y . S o c . , ’ A , v o l .  127 , p . 4 17  (19 30 ) .
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X-Ray Investigation of Normal Paraffins. 515

Experimental.

The p rob lem  of th e  p re se n t re sea rch  w as to  m easu re  th e  la tt ic e  d im ensions 

a t  a n y  g iven  te m p e ra tu re  b e tw een  20° C. (room  te m p e ra tu re )  a n d  th e  m eltin g  

p o in t of th e  in d iv id u a l su b stan ce , th e  h ig h e s t b e in g  a b o u t 90° C. T he reco rd in g  

of th e  la ttic e  d im ensions w as o b ta in e d  w ith  th e  a id  of X -ra y  p h o to g rap h s . 

I t  w as essen tia l to  keep  th e  te m p e ra tu re  of th e  su b s ta n c e  c o n s ta n t to  a  

frac tio n  of a  degree d u rin g  th e  exposu re  to  th e  X -ray s , a n d  i t  w as also desirab le  

occasionally  to  v a ry  th e  te m p e ra tu re  in  sm all s tep s  of a  few  te n th s  of a  degree.

The in v e s tig a tio n  of one  single  spec im en  in v o lv ed  som etim es 10 to  20 te m p e ra 

tu re  s tep s . I t  w as th e re fo re  desirab le  to  red u ce  th e  tim e  fo r th e  te m p e ra tu re  

a d ju s tm e n t as  m u ch  as  possib le . T he sm all th e rm o s ta t  in  w hich  th e  su b s ta n c e  

h a d  to  be k e p t  d u rin g  th e  X -ra y  exposu re  w as h e a te d  to  th e  re q u ire d  te m p e ra 

tu re  b y  a  c o n s ta n t flow of p re h e a te d  w a te r. T he w a te r  w as h e a te d  in  a  sm all 

copper tu b e  bo iler w ith  a  gas  b u rn e r. T here  w ere tw o  w ays of a d ju s tin g  th e  

te m p e ra tu re  ; one co n sis ted  in  re g u la tin g  th e  gas  flam e, th e  o th e r  in  v a ry in g  

th e  flow of w a te r. T here  w ere th re e  th e rm o m e te rs  in  th e  c ircu it. The first 

w as be tw een  th e  bo ile r a n d  th e  th e rm o s ta t ,  th e  second  in  th e  th e rm o s ta t a n d  

th e  th ird  a t  th e  o u tle t. W ith  th is  a rra n g e m e n t i t  w as possible  to  e s tim a te  

th e  m a x im u m  te m p e ra tu re  d ro p  in  th e  th e rm o s ta t  itse lf. T his d ro p  d id  n o t 

exceed 1° a t  th e  h ig h e s t te m p e ra tu re  reco rd ed  a n d  th e  a c tu a l read in g s  w ere 

ta k e n  a t  th e  th e rm o s ta t  th e rm o m e te r . T here  w ere th re e  se ts  o f th ese  used  

w ith  o v e rlap p in g  scales a n d  each  re a d in g  to  1 / 10°.

The th e rm o s ta t  itse lf  w as m ad e  fro m  a  so lid  co p p er rod . I t  w eighed  a b o u t 

1 k ilogram . I t  h a d  ho llow  spaces th ro u g h  w hich  th e  w a te r  c ircu la ted  a n d  

slo ts  th ro u g h  w hich  th e  in c id e n t a n d  th e  re flec ted  X -ra y  beam s e n te red  a n d  

em erged. These s lo ts  w ere e ith e r  covered  w ith  th in  n ickel foil o r cellophane, 

w hich  s to p p ed  a n y  a ir  c ircu la tion . T he specim en  itself, sp read  on  a  fla t 

su rface a t  th e  en d  of a  copper rod , w as in  th e  cen tre  of th e  th e rm o s ta t. 

T his ro d  w as ta p e re d  a n d  f it te d  t ig h tly  in  a  co rrespond ing  sea tin g  in  th e  copper 

block. The th e rm o m e te r  bu lb  w as com ple te ly  su rro u n d ed  b y  copper a n d  close 

to  th e  specim en. T he w hole th e rm o s ta t  w as su p p o rte d  b y  th re e  a d ju s tab le  

screws on  th e  ta b le  of a n  X -ra y  sp ec tro m ete r. The fla t su rface  on  w hich  th e  

substance  w as sp read  w en t th ro u g h  th e  ax is  of ro ta tio n  of th e  spec trom ete r. 

The la y e r of su b stan ce  covered  a b o u t 1 /2  sq. cm . a n d  w as a b o u t one to  tw o- 

te n th s  of a  m illim etre  th ick . I t  was o b ta in e d  b y  m elting  a  sm all q u a n ti ty  of 

th e  substance  on  th e  fla t p o rtio n  of th e  copper rod.

The sp ec tro m e te r ta b le  carry in g  th e  th e rm o s ta t w as oscilla ted  th ro u g h

 D
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516 A . Muller.

a b o u t 5° du rin g  th e  exposure. The fla t to p  of th e  th e rm o s ta t h a d  a  c ircu lar 

scale a n d  th e  copper ro d  h a d  a  p o in te r. T h is m ade  i t  possible to  se t th e  surface 

of th e  lay e r a t  a n y  req u ired  angle  re la tiv e  to  th e  X -ra y  beam , a n d  to  o b ta in  a 

c e rta in  degree of focussing of th e  reflec ted  ra y s  fo r a  certa in  region of th e  

spec trum .

The reflected  ra y s  a f te r  em erging  from  th e  th e rm o s ta t h a d  to  pass th rough  

a  long  n a rro w  slo t in  a  sh ie ld  b eh in d  w hich  w as a  film  d rum . This d ru m  was 

tu rn e d  th ro u g h  a  sm all angle  a f te r  each  exposure, a n d  in  th is  w ay a  whole series 

of p h o to g rap h s  w ere reco rded  on  th e  sam e film . I t  w as easy  to  m easure  th e  

sh ift of a n y  of th e  reco rded  lines re la tiv e  to  a  reference line, a n d  th is  w as all 

th a t  w as req u ired  fo r th e  m easu rem en t of th e  expansion . The geom etrically  

co rrec t focussing w as, of course, n o t o b ta in a b le  fo r m ore th a n  one line, b u t 

since th e  a c tu a l reflec ting  ran g e  covered  on ly  a b o u t 10° th e  lack  of correct 

focussing w as h a rd ly  ap p reciab le .

The d is tan ce  be tw een  th e  focus of th e  X -ra y  g en e ra to r a n d  th e  specim en was 

a b o u t 8 cm . a n d  u su a lly  5 • 95 cm . be tw een  th e  ax is  of th e  sp ec tro m e te r a n d  th e  

iilm . C alib ra tion  p h o to g ra p h s  w ere som etim es ta k e n  a t  tw ice th is  d is tance. 

A  considerable  tim e  sav in g  w as o b ta in e d  b y  th e  use of a n  X -ra y  genera to r 

w ith  a  ro ta t in g  anode. T he g e n e ra to r h a d  a  copper anode an d  ra n  as a rule 

a t  a b o u t 30 K V . a n d  120-150 m illiam ps. T he average  tim e  of exposure  was 

on ly  a  few  m in u tes . The te m p e ra tu re  a d ju s tm e n t to o k  n o t m ore th a n  5 

m inu tes. T he X -ra y s  w ere, as a  ru le , filte red  b y  n ickel foil an d  th e  w ave-length  

used  w as 1-539 A.

Results.

There are  th re e  ty p e s  of paraffin  c ry s ta ls  know n so fa r  :—

(1) The no rm al fo rm . The chains a re  p a ck ed  in  a  p rism a tic  cell of rec tangu lar

cross section . The chains a re  p e rp en d icu la r to  th e  base  of th e  cell.

(2) A  form  of low er sy m m etry . The cross sec tion  is n o t rec tan g u la r an d  the

chain s m a y  be t i l te d  re la tiv e  to  th e  base.

(3) A  form  w hich  has  a  re c ta n g u la r  cross sec tion  (or a t  leas t v e ry  nearly

rec tan g u la r cross section) a n d  chains w hich a re  t i l te d  re la tive  to  the

base. T h is fo rm  h as  been  fo und  b y  P ip e r an d  M alkin.

I t  is fo und  th a t  C18H 38, C2oH42a n d C 22H 46, w hen observed  a t  room  tem perature, 

be long to  th e  le as t sym m etrica l fo rm . C19H 40 a n d  C2JH 44 show th e  normal 

s tru c tu re  a n d  from  C23H 4g u p  to  €341170 b o th  odd  an d  even  num bered  sub

stances ex ist in  th e  no rm al fo rm  p rov ided  th e y  have previously  been molten.
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X-Ray Investigation of Normal Paraffins. 517

The th ird  fo rm  is, as  a  ru le , o n ly  observab le  w hen  th e  c ry s ta ls  a re  o b ta in e d  

d irec tly  from  a  so lv en t. E x c e p tio n s  to  th e se  ru les a re  observed  m o st fre 

q u en tly  w ith  su b stan ces  above  C30H e2. T he e x a c t co n d itio n s  fo r th e  occurrence 

an d  th e  s ta b i li ty  ra n g e  of th e se  c ry s ta l  fo rm s a re  a  su b jec t fo r fu r th e r  in v e s ti

gations ; th e ir  s tu d y  is  o u ts id e  th e  scope of th is  p ap er.

P rev ious w ork  on  th e  e x p an sio n  of n o rm a l paraffin s h as  show n  t h a t  th e  

len g th  o f th e  c h a in  a x is  d e p en d s  m u ch  less u p o n  th e  te m p e ra tu re  th a n  th e  

len g th  of th e  tw o  o th e r  axes. T hese o b se rv a tio n s  h a v e  been  confirm ed in  th e  

p resen t w ork . T he  e x p an sio n  of th e  c a x is  (cha in  ax is) is to o  sm all to  be  

m easu red  w ith  th e  a p p a ra tu s  u sed  in  th e  p re se n t w ork . T he  in v e s tig a tio n  is 

essen tia lly  confined  to  th e  ex p an s io n  of th e  tw o  ax es  w h ich  a re  in  a  p lane  

p e rp en d icu la r to  th e  c h a in  axes, a n d  th e  d iscussion  of th e  n u m erica l d a ta  will 

m ain ly  d eal w ith  th o se  o b ta in e d  fro m  th e  n o rm a l fo rm .

The p lan es  w h ich  a re  u sed  in  th is  p a p e r  fo r th e  d e te rm in a tio n  of th e  “ a ” 

a n d  “  b ” ax is, i.e., th e  tw o  ax es  w h ich  a re  p e rp e n d icu la r to  th e  c h a in  ax is , 

a re  a ll in  a  zone w h ich  c o n ta in s  th is  c h a in  ax is. T he a c tu a l p lan es  a re :  110, 

200, 210, 020 a n d  310, th e  firs t tw o  b e in g  b y  fa r  th e  s tro n g e s t. These tw o  

spacings a re  in d ic a te d  in  th e  d ia g ra m  fig. 1.

a axis

b axis

F i g . 1 .— C ross  s e c t io n  o f  u n i t  c e l l  (n o rm a l fo rm ).

The eq u a tio n  connec ting  th e  spac ings  dhk0 w ith  th e  axes a n d  indices is

1 =  h?jfe2

d\ , „ &2 '
( 1 )

T here  a re  e ssen tia lly  tw o  u n k n o w n  q u a n titie s  w hich  h av e  to  be ca lcu la ted  

from  th e  o bservations , n am ely , “  a ” a n d  “ b ”  ; th e  indices being  know n from  

prev ious w ork. O bserva tions w ere, as a  ru le , m ad e  on  th e  five spacings m en tioned  

above. The m e th o d  of th e  le a s t sq u ares  w as ap p lied  in  th e  following fo rm  :

S
_ 1 ___

2ftfcO(Ot>9.)

h? &2\ 2 . •
— — — =  m in im um .
a 2 W

( 2 )
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518 A. Muller.

The choice of th is  expression  is a rb itra ry  to  a  ce rta in  ex ten t. I t  has the  

a d v an ta g e  of m ak ing  th e  ca lcu la tions  sim ple  a n d  to  give com paratively  higher 

w eight to  th e  m ore  accu ra te  o b servations  a t  la rge  deflecting angles.

The following ta b le  gives th e  re su lt of m easu rem en ts  on  a n u m b er of paraffins 

a t  ro om  te m p e ra tu re . T he axes a re  ca lcu la ted  w ith  th e  a id  of equation  (1) 

an d  (2) from  d irec t m easu rem en ts  of th e  five spacings.

T able  I.

N um ber  

o f carbon  

a tom s.

T em pera ture. a. b. abj 2.
4>

(tan  (/>I2 =  b/a).

° C . A . A . sq . cm . o /

19 19 -5 7 -5 5 5 0 1 1 8 -9  X 1 0 -16 67 10
23 1 8 -4 7*435 4 -9 7 18*2 X 10"16 67 28
24 18 -7 7 -4 1 4 -9 4 1 8 -3  X 1 0 -16 67 20
25 18 -7 7 -4 1 4 -9 6 1 8 -4  X 1 0 -16 67 32
26 1 9 1 7*415 4 -9 4 1 8 -3  X 1 0 -16 67 22
27 1 9 -6 7*40 4 -9 3 18 -2  X 1 0 -16 67 22
29 19 -5 7*42 4*94 18*3 X 10"16 67 16
30 1 9 -5 7*33 4 -9 2 18*2 X 1 0 -16 67 44
31 19*6 7 -4 0 4*93 18*2 X 1 0 -16 67 15
34 19 -3 7 -4 0 4 -9 5 18*3 X lO '16 67 30
44 2 0 -2 7*33 4 -9 3 18 -1  X 10"16 67 52

(These m easu rem en ts  w ere ta k e n  w ith  specim en  enclosed in  thin-w alled 

glass tu b e s  of a b o u t \  m illim etre  d iam e te r. The glass tu b es  were centred 

in  th e  ax is  of th e  th e rm o s ta t.)

a .b j  2 is th e  cross sec tion  a re a  occupied  b y  one m olecule. Since th e  chain 

axis is t re a te d  as in d ep en d en t of th e  te m p e ra tu re  in  th is  w ork, th e  cross section 

is p ro p o rtio n a l to  th e  m olecu lar volum e a t  a n y  g iven  tem p era tu re .

The following ta b le  show s ty p ic a l expansion  d a ta  from  a  specim en of C23H 48. 

The d a ta  in  th is  ta b le  a re  ca lcu la ted  from  th e  five observed  spacings a t  each 

of th e  g iven  tem p e ra tu re s . The cross sec tion  of th e  specim en a t  room  tem pera

tu re  is ta k e n  as a  s ta n d a rd . T he a c tu a l pho to g rap h s a re  reproduced  on 

P la te  13. The 110 a n d  th e  200 reflection  d raw  closer a n d  closer to ge ther and 

becom e ind istingu ishab le  from  each  o th e r as th e  tem p e ra tu re  approaches the 

m elting  p o in t. The ang le <f> b e tw een  th e  d iagonals, fig. 1, becom es 60°, showing 

th a t  th e  s tru c tu re  changes in to  hexagonal close pack ing .

The num erical d a ta  of T able I I  a re  show n in  th e  following graphs.

The tra n s itio n  from  th e  less sym m etrica l fo rm  in to  th e  hexagonal close packing 

is a  continuous fu nc tion  of th e  te m p e ra tu re .
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X-Ray Investigation of Normal Paraffins. 519

T able  I I .  n — C23H 48.

Temperature. Aa. Ab.

o

22 ± 0 ± 0

o

66

r

52

25 - 0 1 0*63 67 10

30 + 2 - 5 1*2 66 0 ob served  le n g th  o f a
32 3*4 2*0 65 58 ax is  a t  tem pera tu re  t.
34 5 -3 1*56 64 48

36 6*4 1*4 64 10 bt ob served  le n g th  o f b
37 6*9 1*05 63 48 ax is  a t  tem pera ture  t.
38 7*5 0*7 63 20

4 5 -3 1 0 -9 - 1 * 8 60 0

Aa =  SH— ® u .1 0 0  =  - 2 2  100

#22 #22

F i g . 2 .— P e r c e n ta g e  e x p a n s io n  (o b s .)  o f  a a n d  b a x is  (T ab le  I I ) .

C2iH44 behaves in  th e  sam e w ay  as C23H 48. C19H 40 differs from  th e  tw o  in

so fa r  th a t  th e  su b stan ce  m e lts  before  th e  sy m m etrica l s ta te  is reached , P la te  13. 

T he even  n um bers  C18, C20 a n d  C22 a t  room  te m p e ra tu re  have  a d ifferen t 

s tru c tu re  com pared  w ith  th e  od d  num bers. Cls a n d  C20 do n o t reach  th e  s ta te  

of hexagonal p ack in g  a t  th e  m e ltin g  p o in t, w hereas C22 does.

A  new  phenom enon  is observed  w ith  C24H 50. The “ a ” a n d  b ' axes a lte r  

th e ir  len g th  as th e  te m p e ra tu re  increases, b u t  th is  change seem s to  be m uch  

sm alle r a t  first. W h en  a  c e r ta in  te m p e ra tu re  is reached  th e re  is a  sud d en  

change in  th e  s tru c tu re . This is easily  seen on  th e  ph o to g rap h s, P la te  13.
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520 A. Muller.

The ap p earan ce  of th e  p h o to g rap h s  a lte rs . O u t of th e  five lines th e re  are 

on ly  tw o  left, th e  s tro n g e r of th e  tw o  b e ing  only  v e ry  sligh tly  displaced relative 

to  th e  110 line before th e  tra n s itio n . T he second an d  w eaker of th e  tw o  shifts 

in to  a  positio n  a b o u t h a lf w ay  betw een  th e  o rig inal 110 a n d  200 reflection. 

O ccasionally  i t  is found  th a t  th e  o rig inal 200 line s till persists  a f te r  th e  transition , 

b u t  i t  is  a lw ays m u ch  fa in te r  th a n  before  th e  tra n s itio n . Som etim es a  num ber 

of fa in t lines a re  observed . These lines a p p e a r  to  be s tronger if a  glass tu be  

specim en is u sed  in s te a d  of a  layer. O n one of these  pho tographs as m any 

as s ix  lines a re  p re sen t. AH th ese  lines a re  close to  th e  orig inal 110 an d  200 

reflection, th e ir  spac ing  being  be tw een  3 -5  a n d  4 -5  A. The lines w ith  la rger 

reflecting  angles seem  to  v an ish . I t  is  on ly  a f te r  long  exposures— over an 

h o u r— a n d  a t  increased  d is tan ce , t h a t  fa in t tra c e s  of large -angle  reflections 

ap p ea r. T he ex istin g  d a ta  a re  n o t com ple te  enough  to  give a  p ic tu re  of th e  

s tru c tu re  change w hich  ta k e s  p lace  a t  th e  tra n s fo rm a tio n  po in t.

F i g . 3 .— A n g le  <j> (o b s .)  b e tw e e n  d ia g o n a ls  o f c ro ss  s e c t io n  (T ab le  I I ) .

The p h o to g rap h s  becom e sim p ler as th e  te m p e ra tu re  increases. The faint 

lines v an ish  v e ry  soon  a n d  th e  tw o  rem ain ing  s tro n g er lines d raw  together 

a n d  behave in  th e  sam e w ay  as those  observed  w ith  C2i an d  C23. N ear the 

m elting  p o in t th e re  is on ly  one line le ft in  th e  sam e position  as th e  corresponding 

lines of C21 a n d  C23.

This fa c t seem s to  suggest th a t  w h a tev e r th e  s tru c tu re  of th e  m ateria l may 

be n ea r th e  tra n s fo rm a tio n  p o in t, th e  final a rran g em en t is again  th e  hexagonal 

pack ing . The follow ing ta b le  gives th e  observed  spacings corresponding to 

th a t  single line, w hich in c id en ta lly  has  a lread y  been  observed in  previous 

w ork  (loc. cit.). T he tw o  la s t  colum ns c o n ta in  th e  cross section an d  also the 

d is tance  of n e a re s t a p p ro a ch  m easu red  betw een  chain  axes. The angle <f> 

is now 60° for a ll th e  specim ens in  th e  tab le .
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X-Ray Investigation of Normal Paraffins. 521

Table I I I .— D a ta  on  H y d ro carb o n s  in  th e  So lid S ta te  n e a r  th e ir  M elting  Point..

Number o f 
carbon  

a tom s.

M elting

po in ts.
O bserved

sp ac ing s.

Cross sec tio n  

per

m olecu le .

D istan ce  o f 
n earest 

approach .

o
A . sq . cm . A .

22 4 4 4 -1 1 1 9 -6  X 1 0 -16 4*76

23 46 4 -1 7 2 0 -1  X 1 0 -16 4*81
24 . 51 4*12 1 9 -6  X 1 0 -16 4 -7 6

26 58 4 1 0 1 9 -4  x 1 0 -16 4*73

27 61 4*06 19 0  X 1 0 -16 4*69

29 64
f  4 * 1 0 \  * 

\ 4 - 0 3 /
1 9 -2  x 1 0 -1S 4 -6 8

* N ea r ly  h exag ona l.

P h o to g rap h s  of th e  su b s ta n c es  in  th e  m o lte n  s ta te  show  a  diffuse b a n d  in s te a d  

of th e  w ell-defined lines c h a ra c te r is tic  of th e  solid . A  few  of th e  observed  

spacings of m o lte n  su b s ta n c es  a re  ta b u la te d  below .

Table IV .— D a ta  on  H y d ro c a rb o n s  in  L iq u id  S ta te  a t  th e ir  M elting  P o in t .

N um ber  o f O bserved

carbon  a tom s . spacing .

A .

18 4*6

19 4 -6

2 0 4 - 5

24 4 -6

30 4*6

The ran g e  of su b s ta n c es  w h ich  a c tu a lly  go in to  th e  h exagonal fo rm  seem s 

to  be lim ited . T h is s ta te  of h ig h e s t sy m m e try  is  observed  fo r th e  n u m b ers  

21, 22, 23, 24, 25, 26, 27. 29 beg ins to  show  a  s lig h t d e v ia tio n . I n  C30 th e  

tw o  lines a re  c lea rly  s e p a ra te d  a t  th e  m e ltin g  p o in t, a n d  th e  sam e ho lds w ith  

th e  s till h ig h er m em bers so fa r  as th e y  h av e  been  observed . The sam e phen o m e 

non  is  observed  w ith  C20 a n d  th e  low er m em bers of th e  series.

The a b ru p t  tra n s i t io n  w hich  occurs w ith  C24 is also fo u n d  fo r a ll th e  h igher 

m em bers. T he t ra n s i t io n  te m p e ra tu re  g e ts  closer a n d  closer to  th e  m eltin g  

p o in t a n d  is a lm o s t ind is tin g u ish ab le  from  i t  w ith  C44H 90.

The follow ing ta b le  co n ta in s  th e  tra n s i t io n  te m p e ra tu re s . T hey  w ere 

o b ta in ed  b y  exam in ing  th e  X - ra y  p h o to g ra p h s  ta k e n  a t  d ifferen t te m p e ra tu re s . 

N o a t te m p t  has  been  m ad e  to  d e te rm in e  a ll th e  tra n s itio n  p o in ts  v e ry  accu ra te ly . 

In  th e  case of C26 th e  te m p e ra tu re  s tep s  w ere na rro w ed  dow n to  frac tio n s  of a  

degree a n d  corresponding  X - ra y  p h o to g rap h s  w ere ta k e n . I t  w as found  th a t  

th e  change of th e  X -ra y  p h o to g ra p h  to o k  p lace  w ith in  a  few te n th s  of a  degree.
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522 A . M iiller.

T able V .— T ran sitio n  tem p era tu res .

N um ber  o f 
carbon a tom s.

T ransition
tem pera tures  b e tw een

M elting

poin ts. D ifference.

24

o

4 0 -4 1

o

51*2

o

10
26 45 * 5 -4 6 58*0 12
27 48*5 -4 9* 3 61 12
29 56*7 -57*1 64*4 7
30 58*0 -5 8* 3 66*6 9
31 6 0 -6 4 68*4 6
34 6 7 -6 8 * 9 72*8 5
44 85* 6 -86 86*4 i

These tra n s itio n  te m p e ra tu re s  h ave  been  m easu red  b y  G arner* an d  more 

recen tly  b y  P ip e r f  a n d  h is  co llabo ra to rs . The p resen t d a ta , for w hich less 

accu racy  is cla im ed, agree w ith in  th e  lim its  of exp erim en ta l error.

I t  h as  been  m en tio n ed  th a t  th e  e x ac t in te rp re ta tio n  of th e  X -ra y  photographs 

o b ta in ed  w ith  specim ens a t  th e  tra n s fo rm a tio n  p o in t is n o t feasible a t  this 

s tage  of developm en t. The la rge  n u m b e r of lines suggests  th a t  th e  m aterial 

consists  of a  m ix tu re  of severa l c ry s ta l fo rm s, m ost of w hich, how ever, seem to 

be s tab le  over on ly  a  sm all ran g e  of te m p e ra tu re s . The fa c t th a t  tw o  of the 

lines a re  p re d o m in a n t a n d  behave  a t  h igher te m p e ra tu re s  like those of C21 

a n d  C23 leaves ro om  for th e  follow ing sp ecu la tion .

A ssum ing th a t  th e  b u lk  of th e  m a te r ia l has e ssen tia lly  th e  sam e arrangem ent 

as th a t  before th e  tra n s itio n  h as  ta k e n  place, we m a y  te n ta tiv e ly  give th e  two 

lines th e  indices 110 a n d  200. The new  s tru c tu re  differs from  th e  old, in 

th a t  th e  axes have  d ifferen t leng th s . The d a ta  ca lcu la ted  from  observations 

m ade w ith  C29 a n d  C24 are  :

T able V I .— C29H 60 M elting  P o in t  63°. E x p an sio n  M easurem ents.

Temperature. Aa. Ab.

o o /

19*0 ±0 ± 0 67 15

30 0*2 0*4 67 20

40 0*6 0*65 67 20

51 1*2 0*7 67 0

5 6 * 7 \ t r a n s - 1*6 0*75 66 50

5 7 * 1 /  form ation 6*7 ± 0 64  20

63 10*5 - 0 * 2 61 20

Aa =  a t ~ --h l . 100  Ab =  ^ ---- î-9 . 100.
« 1 9  ^ 1 9

* 4 J .  C hem . S o c . , ’ p . 1 533 (1 9 3 1 ).  

t  4 B io ch em . J . , ’ v o l.  2 5 , p p . 2 0 7 2 -2 0 7 4  (193 1 ).
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X-Ray Investigation of Normal Paraffins. 523

The ta b le  fo r C29 is  a r ra n g e d  id e n tic a lly  w ith  th a t  of C23. U p  to  th e  t r a n 

sition  p o in t th e  ab o v e  h y p o th e s is  is n o t in vo lved . T he d a ta  of th is  ta b le  a re  

p lo tted  in  th e  fo llow ing g rap h .

F i g . 4.— P e r c e n ta g e  e x p a n s io n  (o b s .)  o f  a a n d  b a x is  (T ab le  V I ) .

F i g . 5 .— A n g le  <|> (o b s .)  b e tw e e n  d ia g o n a ls  o f  cro ss  s e c t io n  (T ab le  V I ) .

The following ta b le  gives th e  observed  spaeings of th e  tw o  s tro n g  lines w hich 

rem ain  a fte r  th e  substance  has gone th ro u g h  th e  tra n s itio n .
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524 A. Muller.

T able  V I I — C24H 50 M elting  p o i n t : 51 -2° C. O bserved Spacings of th e  two

S trong  Lines.

T em perature. d strong. d weak.

o
A . A .

4 0 -0 4 -1 2 3 -7 1
41-4b 4 -1 6 3*91
41 -87 4*14 3 -9 3
4 2 -5 4*12 3*94
42  -95 4*12 3*97
4 3 -4 5 4 -1 1 4*01
4 3 -9 2 4*09

i

4 -0 8

4 5 -4
V

4- 10
4 7 -9 4* 11
4 9 -3 4  v125

U sing th e  ab ove -m en tioned  h y p o th esis , w hich assum es th a t  th e  tw o lines 

a re  th e  110 a n d  200 of th e  n o rm a l s tru c tu re , th e  follow ing d a ta  are  calculated 

from  T able V I I .

T ab le  V II I .— L a t t ic e  D im ensions of th e  H y p o th e tic a l S tru c tu re  of C^Hjq 

above  th e  T ra n s itio n  T em p era tu re .

Tem perature. a. b. o6 /2 .

o
A . A . o / sq . cm .

T r a n t a i f i n n  - / 4 0*0 7 -4 3 4 -9 6 67 26 1 8 -4  X  1 0 '18
xran sm on<  ^

7*82 4*92 64 16 19 -2  X  10 -M
4 1 -8 , 7 -8 6 4 -8 7 63 34 1 9 - l j  X  10 -16

4 2 -5 7*88 4 -8 3 63 0 1 9 -06 X  lO"18

4 2 ‘95 7*95 4*82 62 30 1 9 - l s X  10 -18

43*46 8*03 4*79 61 40 1 9 -2 6 X  10-18

43  -9 2 8 -1 6 4*72 60 0 19 -25 X  10 -18

45*4 8*20 4*73 60 0 19 -4  x 10 -16
4 7 -9 8*22 4 -7 4 60 0 19 -5  X  10 -18

4 9 -3 8*25 4 -7 6 60 0 1 9 -6  X  10 -16

I t  is in te re s tin g  to  n o te  th e  s ligh t co n tra c tio n  of th e  “ axis, which is 

also fo u n d  in  T ab le  I I  fo r C23.

Discussion of Results.

The d a ta  of th e  la s t  c h a p te r  show  th a t  th e  no rm al paraffins ten d  to  become 

hexagonal a t  th e  m e ltin g  p o in ts . In  th e  range of C21 to  C29 th is  s ta te  of high 

sy m m etry  is a c tu a lly  reached . Substances outs ide th is  range m elt before 

becom ing hexagonal.
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X-Ray Investigation of Normal Paraffins. 525

X -ray  in v e s tig a tio n  lias show n  th a t  th e  C H 2 g ro u p s  in  th e  paraffin  m olecule 

a re  a rra n g ed  in  a  z ig -zag  chain , a n d  t h a t  th e  chain s  h av e  on ly  tw o  p lanes  of 

sy m m etry  in te rsec tin g  in  th e  c h a in  ax is. T h is is  fo u n d  from  m easu rem en ts  

m ade a t  room  te m p e ra tu re . T he  p re se n t w ork  show s th a t  th e  m olecules 

behave as if th e y  w ere m ore  sy m m e tric a l a t  th e  m e ltin g  p o in t.

The in e r t  c h a ra c te r  o f th e  p a ra ffin  m olecule, i ts  h e a t re s istin g  p ro p ertie s  

an d  th e  fa c t t h a t  th e  c h a in  le n g th  does n o t d ep en d  ap p re c ia b ly  u p o n  th e  

tem p e ra tu re , suggests  a  co nsiderab le  r ig id ity  of th e  m o lecu lar s tru c tu re . I t  

seems th e re fo re  u n lik e ly  t h a t  th e  te m p e ra tu re  shou ld  p roduce  a  ra d ic a l change  

of th e  co n figu ra tion  of th e  c a rb o n  sk e le to n  of th e  m olecule.

The ca rb o n  c h a in  is  su rro u n d e d  b y  h y d ro g e n  a to m s . T h is h y d ro g en  shell 

is m ore lik e ly  to  be affec ted  b y  te m p e ra tu re . I t  is  a lm o st c e r ta in  th a t  th e  

te m p e ra tu re  m o tio n  of th e  hyd ro g en s te n d s  to  m ak e  th e  m olecule m ore  

sy m m etrica l a t  h ig h er te m p e ra tu re s , b u t  i t  is  im possib le  to  te ll  a t  th e  p re sen t 

s tag e  w h e th e r th e  te m p e ra tu re  a g ita t io n  of th e  h y d ro g e n  m olecules acc o u n ts  

fo r th e  o bserved  in crease  of sy m m e try , o r w h e th e r th e  zig -zag  s tru c tu re  of 

th e  ca rb o n  c h a in  is  s till  p re d o m in a n t.

The m olecu le  a s  a  w hole m u s t  p e rfo rm  o scilla tions  u n d e r th e  influence of 

th e  te m p e ra tu re . T hese o sc illa tio n s  a lso  te n d  to  m ak e  th e  c ry s ta l m ore  

sy m m etrica l. T he m o m e n t of in e r tia  o f th e  c h a in  m olecule  is  sm alles t re la tiv e  

to  th e  c h a in  ax is . T he a m p litu d e s  o f th e  o sc illa tions  ro u n d  th is  ax is  m a y  

becom e v e ry  la rg e  a t  h ig h e r te m p e ra tu re s  a n d  th e  m olecules m a y  even  p e rfo rm  

com plete  ro ta tio n s . T h ey  w ou ld  th e n , on  th e  a v erag e , h a v e  th e  sy m m e try  of 

a  c ircu la r cy lin d er a n d  th e  h e x ag o n a l close p ack in g  w ould  follow  q u ite  n a tu ra lly .

I t  m u s t, how ever, be  b o rne  in  m in d  th a t  th e re  a re  lim its  to  th e  r ig id ity  of 

th e  m olecule. T he fr ic tio n a l forces in crease  w ith  th e  c h a in  le n g th  a n d  th e re  

m u s t be  a  s ta te  w h en  to rs io n a l v ib ra tio n  se ts  in . H ow  th is  d is to r tio n  affects 

th e  s tru c tu re , a n d  a t  w h ich  c h a in  le n g th  i t  becom es ap p rec iab le , is a g a in  

im possib le  to  p re d ic t from  th e  e x is tin g  d a ta .

The c ru d e  m odel of a  ro ta t in g  m olecu le  g ives a t  le a s t a q u a lita tiv e  e x p la n a 

t io n  of th e  p h en o m en a  o bserved  w ith  C21 a n d  C23. I t  fails , how ever, to  e x p la in  

th e  tra n s itio n s  w hich  a re  ob serv ed  w ith  th e  h ig h e r m em bers of th e  series.

These su d d en  tra n s itio n s  m a y  a p p e a r  su rp ris in g  a t  firs t s ig h t. C onsidering 

th e  s im ila rity  of th e  s tru c tu re , th e  c o n tin u ity  o f th e  m e ltin g  p o in ts  a n d  o th e r  

physica l p ro p e rtie s , i t  does n o t seem  obvious w hy  w ith  tw o  consecu tive  m em bers 

of th e  series, like  C23 a n d  C 21, one sho u ld  h av e  a  tra n s i t io n  p o in t a n d  th e  o th e r  

n o t. A  q u a lita tiv e  e x p la n a tio n  of a  s im ila r case has  a lread y  been  g iven  in  a 

p rev ious p a p e r  (loc. d t .).The a rg u m e n t is  th is .

 D
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526 A . Muller.

The forces w hich  keep  th e  m olecules in  these  c ry sta ls  to g e th e r can  be d iv ided  

in to  tw o  p a r ts . One p a r t  of th e  cohesion can  be ascribed  to  a n  in te rac tio n  

be tw een  th e  chain s, th e  o th e r  be tw een  th e  m olecules w hich fo rm  th e  end  groups 

These tw o  forces a re  in  eq u ilib riu m  in  th e  c ry s ta l, a n d  th e  first of th e  tw o m ust 

depend  u p o n  th e  le n g th  of th e  m olecule. T he sud d en  ap p earance  of a tra n s itio n  

ind ica tes  t h a t  th e  b a lance  of th e  tw o  forces is sensitive  to  a sm all a lte ra tio n  of 

th e  ch a in  le n g th  a t  th is  p a r t ic u la r  p o in t.

Some of th e  s ta te m e n ts  in  th e  la s t  sec tion  m a y  be p u t  in  a  m ore definite  

form . L e t us consider a  c h a in  m olecule  “ A  ”  su rro u n d ed  b y  its  neighbours. 

The cen tres ' of th e  circles in  th e  d ia g ra m  a re  th e  in te rsec tions of th e  tw o  rows 

of carbon  a to m s in  th e  m olecule. T he ch a in  axes a re  in  th e  m idd le  betw een

0 ®  0 1 ®  0 °

© 0  li

0 ®  o j® : -£.s;~<5r0

a ©  a ©

0 ®  0 ®  0 ®

F i g . 6.

th e  tw o  row s a n d  a re  p e rp e n d icu la r to  th e  p lan e  of th e  p aper. L e t us fu rther 

assum e th a t  th e  m olecule  is  a  rig id  b o d y  of in fin ite  len g th . The position  of 

th is  b o d y  is  th e n  fixed  re la tiv e  to  th e  c ry s ta l la ttic e  b y  th e  angle to. The 

average  positio n  of equ ilib riu m  m a y  be called  <o0.

We now  in tro d u ce  th e  en d  g roups. T hey  a re  assum ed  to  be so fa r apart 

from  each  o th e r t h a t  th e ir  in te ra c tio n  is confined  to  p a irs  of a d jacen t layers. 

I t  is fu r th e r  assum ed  th a t  th e se  en d  g roups p roduce  on ly  a sm all change in 

th e  o rig inal la ttic e , a n d  th a t  th e y  are  s tro n g ly  lin k ed  to  th e  chains. Supposing 

th e  ch a in  forces w ere e lim in a ted , th e  en d  g roups w ould th e n  arrange them 

selves in  th e ir  ow n positio n  of eq u ilib rium — say  to0.

A  co m b in a tio n  of th e  tw o  forces is therefo re  like ly  to  in troduce  tw o positions 

of equ ilib rium  of th e  chain . The p o te n tia l energy  of th e  m olecule plotted 

a g a in s t th e  angle  to w ould  h ave  a  shape as in d ic a ted  in  th e  d iagram . According 

to  th e  te m p e ra tu re , th e  m olecules w ould  be fo und  m ore frequen tly  in  one or
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2 5 -  1 — 2 5 - 2

2 6 -  2 — 2 6 . 2

2 7 -  0 — 2 7 . 1

2 8 -  0 — 2 8 - 0

2 9 -  0 — 2 8 . 9

3 0 -  1 — 3 0 - 1  

3 1 . 1 — 3 1 . 2

3 2 - 1 — 3 2 . 1

3 2 -  5 — 3 2 . 7

3 3 -  0 — 3 3 - 1  

3 3 - 6 — 3 3 . 7

3 3 . 4 — 3 4 . 1  

2 0 - 2 — 1 9 - 2

n ^19^40.

2 2 . 0 5 —  2 2 - 0 5

2 5 . 0 5 -  2 5 - 0 5

3 0 -  5 0 — 2 9 . 7 0

3 1 -  9 5 — 3 2 . 6 0

3 4 - 0 5 — 3 4 - 6 0

3 6 -  5 0 — 3 5 - 8 5  

3 6 . 9 0 - 3 7 - 0 0

3 7 -  9 0 — 3 7 . 9 5

3 9 -  7  — 3 9 - 7

4 0 -  0  - 4 0 - 9  

4 1 . 9  — 4 1 . 9 5  

4 3 - 0  — 4 3 . 0  J  

4 3 . 9 5 — 4 3 . 9 5

4 5 -  0 0 — 4 5 . 0 0

4 6 -  3  — 4 6 . 2

4 6 -  9 5 — 4 6 - 9 0

4 7 -  6  — 4 7 - 6 5  

1 9 - 5  — 1 9 . 2

n—0 23H4s.

4 3 - 9 0 — 4 3 . 9 5  

4 3 - 5 0 — 4 3 . 4 0  

4 3 - 0 5 — 4 2 - 8 5  

4 2 - 5 5 — 4 2 - 5 0  

4 1 - 8 5 — 4 1 - 8 0  

4 1 - 5 0 — 4 1 . 4 0  

4 1 - 0 0 — 4 0 - 9 5  

4 0 - 0 5 — 4 0 . 0 0  

3 8 . 9 0 - 3 8 - 7 5  

3 4 - 8 5 —

7i C 24H 50.

02 0
i o °  *1°  _ _ _ _ _

1 8 . 4 5 —  . 4 5

3 0 - 0 0 —  . 1 0 —  . 1 0

3 9 - 9 5 —  - 8 0 —  - 8 0

4 8 - 8 0 —  . 8 0 - 5 9 - 0 0

5 1 . 0 0 — 5 0 . 7 5 — 5 1 . 0 5  

5 1 - 9 0 — 5 1 - 9 5 — 5 2 - 1 0  

5 3 - 1 0 — 5 3 . 0 0  

5 4 . 1 0 — 5 4 . 1 5

5 5 -  0 5 —  - 3 5 —  - 0 5

5 6 -  1 0 — 5 5 - 8 0 — 5 6 - 0 5  

5 7  • 0 5  — 5 6  • 7 0 — 5 7  • 0 0

5 7 -  9 0 —  - 9 0

5 9  • 9 0 — 6 0  • 1 0 — 5 9  • 7 5  

6 0 - 9 5 — 6 1  - 1 5 — 6 0 - 8 5  

6 1  • 9 5 — 6 1  • 7 0 — 6 1  • 9 0  

6 2 . 8 5 - 6 3 . 0 0 — 6 3 - 0 0

71/ C ^ y H g j j o

(Facing p .  526 . )
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X-Ray Investigation of Normal Paraffins. 527

th e  o th e r p o te n tia l va lley . T his re p re se n ta tio n , w hich  is n o t m e a n t to  be 

m ore th a n  a  v e ry  c rude  p ic tu re , seem s to  be th e  m o s t ra tio n a l w ay  to  acco u n t 

for th e  o b servations  m ad e  in  th e  p re sen t w ork .

0 9 9 O 9 Q Q 0 0
|  End g ro u p s

-Chains

6 6 6 6 6 6 6 6 6

6 6 9 6 Q Q Q Q O
|  End g ro u p s

-—Chains

6 6 6 6 6 6 6 6 6

? ? ? ? ? ? ? ? < ?
F i g . 7.

|  End gir o u p s

F i g . 8.

F u r th e r  w ork is in  progress w hich  deals w ith  a m ore d e ta iled  in v estig a tio n  

of th e  d is tu rb in g  effect of th e  end -g roups, a n d  th e  effect w hich is p roduced  

w hen a tom s of d ifferen t k in d s  are  in tro d u ced  in to  th e  chain  la ttic e . I t  h as  

a lread y  been  found  th a t  oxygen  a tom s produce  a  c o n trac tio n  of th e  ca rrie r 

la ttice . These questions will be d e a lt w ith  in  a  sep a ra te  paper.

VOL. c x x x v i i i .—A. 2 o
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528 A. Muller.

In  connec tion  w ith  th e  la s t  sec tion  i t  is of in te re s t to  use th e  d a ta  which 

G arner ( loc.cit.) h as  p u b lished  in  his m ost in te re s tin g  p ap er on  th e  h ea

cry sta llisa tio n — a n d  tra n s itio n  of severa l hydrocarbons. The following tab le  

g ives th e  h e a t  of c ry s ta llisa tio n  a n d  tra n s itio n  of tw o  hydrocarbons for which 

th e  changes in  th e  la ttic e  dim ensions are  know n from  th e  p resen t investigation.

T able  IX .

^24^50- C2sH70.

Change o f cross se c t ion  area a t  tra n sitio n  p o in t  
(sq . cm .) .............................................................. 0 - 8  X 1 0 -16

2 -1  X 1 0 -16 

7 -5  

12 -8

0 -7  X 10 -16

2 -8  X 10 -16 
9 -8  

15*7

Change o f cross s e c tio n  area  a t m e ltin g  p o in t 

(sq . cm .) ..............................................................
H ea t  o f tran sition  (kg . ca l./g r . m ol.)  ...................

H ea t  o f cry sta llisa tion  (kg . ca l./g r . m o l.)  ...........

The figures fo r th e  energy  changes a re  n o t those  d irec tly  m easured  by  G arner 

b u t  th e y  a re  o b ta in e d  b y  in te rp o la tio n  from  h is  m easu rem en ts. The change in 

cross sec tion  a t  th e  tra n s itio n  p o in ts  a re  ta k e n  from  Tables V I a n d  I  and 

T able  V I I I  of th e  p re se n t w ork. T he change of th e  cross section  a t  th e  m elting 

po in ts  w ill be d iscussed  in  th e  n e x t p a ra g rap h .

The p o in t w hich  th ese  d a ta  a re  m e a n t to  illu s tra te  is m ore clearly  seen if 

th e  d a ta  of th e  la s t  ta b le  a re  red u ced  to  th e  ch a in  elem ent, i.e., th e  C H a group. 

T h is  is done b y  d iv id ing  th e  figures fo r th e  energy  changes b y  th e  num ber of 

carbon  a to m s of th e  m olecules. The average  of C24 a n d  C29 are  used in  the 

n e x t ta b le .

T able X .

ETrans.

0*34

^Trails.

0 -7 5

^Trails.

^Trans.

4 -3

D istan ce  of n earest approach  

varies a t transition  p o in t :

F rom  4 • 5 to  4  • 6 A .

F  Fusion ^Fusion
F  Fusion A t th e  m e ltin g  p o in t :
^Fusion

0 -5 4 2 -2 2 -2 From  4*7 to  5*0 A .

S S .  =  5 S E U -  >  kg. ca l./gr . O H ,

^Trans. =  change  in  cross sec tion  p. m ol. a t  tran sition  po in t \ - n jq - ig cm , 

^Fusion =  , ,  „  „  m e lting  po in t /
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X-Ray Investigation of Normal Paraffins. 529

This ta b le  gives a n  in d ic a tio n  of th e  energy -changes in vo lved  a t  th e  t r a n 

s ition— a n d  m e ltin g  p o in t. The tw o  ra tio s  show  th e  ra p id  decrease of th e  

in te rn a l energy  w ith  in c reas in g  d is tan ce  of th e  m olecules (2 • 2 a g a in s t 4 • 3 ).

The cross sec tions of th e  m olecules in  th e  liq u id  s ta te  w hich  a re  used  in  th e  

previous sec tio n  a re  c a lc u la te d  from  d e n s ity  m easu rem en ts . These densities  

a re  ta k e n  from  th e  In te rn a tio n a l C ritica l T ab les a n d  show  th a t  th e  d en s ity

n =  num ber  o f D en s ity  a t
carbon  a tom s. m e ltin g  p o in t.

15 0 -7 7 6 1

16 0 -7 7 6 7

17 0 -7 7 6 6

18 0 -7 7 7 0

20 0 -7 7 7 8

a t  th e  m e ltin g  p o in t a lte rs  v e ry  l i t t le  w ith  th e  n u m b e r of ca rb o n  a to m s. T he 

cross sec tions a re  c a lc u la te d  w ith  th e  a id  of th e  fo llow ing e x p re s s io n :

Cross sec tio n  =
1 -6 6  X IQ "24(12-00  X n +  1-008  [2n +  2]) 

(1 -253  X n  + 2 -30) X 10~ 8 X 0-778

T he n u m e ra to r  is th e  w e ig h t of th e  m olecule  a n d  th e  d en o m in a to r is th e  le n g th  

o f th e  m olecule  m u ltip lie d  b y  th e  d e n s ity  (0 -778). T he le n g th  of th e  m olecule  

is de rived  from  earlie r m e asu re m e n ts  on  th e  long  spac ings of these  h y d ro 

carbon s.*

The c a lcu la tio n  gives th e  follow ing r e s u l t : T he  cross sec tio n  a re a  of a  m ole 

cule in  th e  liq u id  s ta te  a t  th e  m e ltin g  p o in t is  2 2 -0  X 10~16 sq . cm . (average 

C 20 to  C30). T he d is ta n ce  of n e a re s t a p p ro a c h  b e tw een  tw o ch a in  axes, ca lcu 

la te d  u n d e r  th e  a ssu m p tio n  t h a t  th e  chain s  a re  h ex ag o n a lly  close pack ed  in 

th e  liq u id , is

2 x  cross sec tion  

~ V 3
~  5 -0  A .,

a n d  th e  la rg e s t spac ing  in  th is  h exagonal s tru c tu re  :

cross sec tion  X V 3 ^  4 . 3  ^

T he observed  spacings of th e  liq u id  a t  th e  m e ltin g  p o in t a re  a ll a b o u t 4 • 6 A. 

accord ing  to  T able  IV .

* T h e se  m ea su r em en ts  w e re  m a d e  o n  s u b s ta n c e s  in  th e  s o l id  s t a t e .  O w in g  t o  th e  

n eg lig ib le  e x p a n s io n  o f  t h e  c h a in  a x e s  a n d  t h e  c o m p a r a t iv e ly  sm a ll  g a p s  a t  th e ir  e n d s ,  

th e  u se  o f  th e s e  d a ta  is  n o t  in tr o d u c in g  a n  a p p r e c ia b le  error .

2 o  2
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530 X-Ray Investigation of Normal Paraffins.

W e therefore  f in d :

D istance  of nea res t O bserved  spacing Spacing calcu la ted

app ro ach  of liqu id  a t  m elting from  density

hexagonally  packed p o in t (hexagonally

chains (calcu la ted packed  chains)

from  d en sity  of 

liqu id )

5 -0  A. 4 -6  A. 4 -3  A.

The d is tan ce  of n ea res t a p p ro ach  is m easu red  from  chain  ax is  to  chain  axis. 

T he observed  X -ra y  spac ing  lies a b o u t h a lf w ay  betw een  th e  d is tance  of 

nea res t a p p ro ach  a n d  th e  sp ac in g  ca lcu la ted  from  th e  d en sity  of th e  liqu id .

The w rite r w ishes to  express his a p p re c ia tio n  to  S ir W illiam  B ragg, O.M., 

F .R .S ., a n d  th e  M anagers of th e  R o y a l In s t i tu t io n  fo r th e ir  k in d  in te re s t in 

th e  w ork.

Summary.

(1) The la ttic e  d im ensions of a  n u m b er of hyd rocarbons a re  m easured  a t 

d ifferen t te m p e ra tu re s  be tw een  20° a n d  th e  in d iv id u a l m e ltin g  po in ts .

(2) I t  is found  th a t  C ^ H ^ , C22H 46, C23H 48, C ^ H ^ ,  C05H 52, C2gH 54, G ^H jg 

a n d  C29H 60 change from  a  s ta te  of low er sy m m e try  in to  hexagonal sym m etry . 

T h is  s ta te  is reached  w hen  th e  su b stan ces  a re  solid  a n d  n e a r th e  m elting  point.

(3) The low er m em bers of th e  series, i.e., C18, C19 a n d  C20, a n d  also those above 

C29, te n d  to  a p p ro ach  hexagonal sy m m etry , b u t  m e lt before th e y  reach  this 

s ta te .

(4) C21 a n d  C23 show  a  con tinuous change of th e  “ a ” an d  “  b ” axes with 

increasing  te m p e ra tu re  u p  to  th e  m eltin g  p o in t. C ^ , C25, C26, C27, C29, C30, 

C3i, C34 a n d  C44 show  a b ru p t  tra n s itio n s  betw een  room  te m p era tu re  an d  the 

in d iv id u a l m eltin g  poin ts,.

(5) U sing  G arn er’s d a ta  on  th e  h e a t of c ry sta llisa tio n  an d  transition , and 

th e  la ttic e  changes m easu red  in  th is  w ork , i t  is fo und  th a t  th e  la ttice  energy 

decreases v e ry  ra p id ly  w ith  increasing  m olecu lar d istance .

(6 ) A tte n tio n  is d raw n  to  th e  fa c t th a t  paraffins of m odera te  chain  length 

m ay  be regarded  as rig id  ro ta to rs . A tte m p ts  a re  m ade to  expla in  th e  tra n 

sitions from  general princip les.
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