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possible double bond character  of C1C2 is at  most  
0.05 + 0.04. 

The C1C~ and  CeC2' bonds are between carbons in 
the sp 9 state of hybr id iza t ion  and  are close to the 
expected values for pure single and double bonds of 
1.48 and  1.337 A (Cruickshank & Sparks, 1960). 

The strain for the isolated anion would be completely 
relieved if the ion became non-planar  with the carboxyl  
groups t i l ted by  46 ° about  their  C-C bonds so tha t  
01 and  0 ' 1 lay  on opposite sides of the plane of the 
carbons at distances of 0.85 /~ from the plane. The 
C = C bond prevents  the carbons becoming appreciably  
non-planar.  Such a co~digur~tion would require a 
different s t ructural  a r rangement  and packing. 

01 and  02 have much  larger tempera ture  parameters  
in  a direction perpendicular  to the molecular plane, 
a l though C1 and C9 have not. These extra tempera ture  
factors suggest ei ther a r.m.s, oscillation of the 
carboxyl  groups of approx imate ly  15 ° with a r.m.s. 
d isplacement  for 01 and  01' of 0.3 A out of the  
plane, or a random dis t r ibut ion throughout  the struc- 
ture of non-planar  ions with 01 either above or below 
the carbon plane by  0.3 A. Wi th  01 and 01' on opposite 
sides of the plane H1 would still be in the plane so 

that it would not have a larger temperature param- 
eter perpendicular to the anion plane. This is exactly 
the result obtained, although the shape of the HI 
sections in Fig. 6 of the previous paper may not be 
very significant. 
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The study of the temperature dependence of the characteristic temperature O for silver in the 
temperature range from 18 to 760 °C. is presented. The determination of O-values from measured 
X-ray data was carried out by three procedures. Comparison with previous measurements is given. 

1. Introduction 

Several authors have presented experimental data of 
the temperature variation of the Debye characteristic 
temperature O of silver obtained by X-ray diffraction 
methods (Andriessen, 1935; Boskovits et al., 1958; 
Spreadborough & Christian, 1959a). Their results differ 
considerably so that the experimental redetermination 
of the dependence of OAg on T seems desirable. This 
work is a part of a detailed X-ray diffraction study of 
the atomic vibrations in Ai-Ag equilibrium solid 
solutions. 

2. Experimental  technique 

The f inely grained powder of silver used for our 
diffraction measurements was prepared by the reduc- 
tion of a 5% solution of silver nitrate (p.a.) in the 

presence of ammonia with a dilute solution of formal- 
dehyde. The sample was a compressed platelet 
(10 × l0 × 2 mm.) of this powder. A diffraction photo- 
graph showed the absence of any preferred orienta- 
tion. The sample was annealed for I0 hr. at 650 °C. 
in vacuum before the measurements were carried out. 
A series of diffraction photographs was taken in a 
Unicam high-temperature vacuum camera in the 
temperature range 18 to 760 °C. A bent quartz crystal 
of the Johansson type was used for monochromatiza- 
tion of Cu Ks radiation. The semifocusing method 
was applied, the inclination of the flat sample surface 
to the direct beam being 29 ° and the distance from 
the focus to the centre of the cylindrical camera of 
the diameter 190 mm. being 52 mm. In this way we 
have obtained the optimum resolution of the last eight 
diffraction lines (Simerskg & Syne~ek, 1959). The 
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B-values were determined from the relative integrated 
intensities of all diffractions lines with the exception 
of 111 and 002. 

3. Methods  for determinat ion  of O-values  

The variation of O with temperature was determined 
in three ways. 

(A) Assuming the atomic scattering factor to be 
known with sufficient accuracy for an atom at rest 
we can use the following procedure. For the integrated 
i n t e n s i t i e s  I T  divided by usual factors (Lorentz, 
polarization, absorption, multiplicity and in our case 
the square of the atomic scattering factor) we can write 

in I r  = (AT/O~)  sin 2 0 +ln  CT . (1) 

In this relation, which is obeyed for sufficiently high 
temperatures T > O  (James, 1954), 0 denotes the 
Bragg angle, A - - -  12h2/(mlc~ 2) and CT is a constant 
on the absolute intensity scale. The plot of In IT  
against sin ~ 0 is a straight line with slope 

K = A T / O ~  . (2) 

This relation determines the OT-value for a given 
temperature T. 

(B) Measurements of the intensity decrease of a 
certain diffraction line with increasing temperature 
are made usually to eliminate the influence of in- 
accuracy of atomic scattering curve in the O(T)-  
determination. I t  is then assumed either that  OT 
remains constant in a small temperature range or that 
Griineisen's law is fulfilled so that the following rela- 
tion holds for two temperatures T and TI 

OT/OTI= ( VT1/ VT)L (3) 

According to Paskin (1957) the OTl-value can be de- 
termined from the plot of logarithm of intensity ratio 
against the reduced temperature T'  = T (VT /VTI )  2~'. 
These methods seem to us appropriate for counter 
technique if either of the assumptions is fulfilled with 
sufficient accuracy. 

The following procedure can be recommended when 
the film technique is used and when the intensities of 
diffraction lines of each photograph are measured in 
different relative scales. The relation similar to (1) 
can be written for I~, divided by usual factors except 
the atomic scattering factor f: 

lnI'r=(AT/O~)sin20+inf2+lncr. (4) 

The difference of relation (4) for two different tem- 
peratures yields a straight line with slope 

K T = A [ ( T / O ~ ) - ( T r / O ~ ) ]  , (5) 

where Tr is an arbitrary reference temperature. 
(i) In such cases, when Grtineisen's law is valid, 

relation (5) can be rewritten using Paskin's expression 
for the reduced temperature T' (Paskin, 1957). We 
obtain 

K T  ~ ~ z (A/O~,~)(T - T r )  . (6) 

The plot of KT against T' gives a straight line from 
the slope of which OTr can be determined. Further 
values of OT follow from relation (3) with TI=  Tr. 

(ii) As regards the approximative nature of assump- 
tions about the relationship of O with T it seems 
useful to us to t ry the possibility of determining this 
relationship directly from (5). This would be possible 
if the average vibrational state of the lattice expressed 
by O were known at least for one temperature. Choos- 
ing this value as OT, the other values of OT could 
be then determined from (5). I t  should be mentioned 
that  B-values obtained by various methods can differ 
not only due to different experimental errors but also 
due to the different averaging of the vibrational modes 
in deriving 0 (James, 1954; Blackman, 1955). The 
following procedure can be of some use if there is a 
rather large scatter of OT,-Values. We choose several 
values of OT from sufficiently large interval so as to 
contain the true X-ray value of OT,. Each value gives 
according to (5) one O(T)-curve. A set of curves 
resulting in this way is plotted on the same graph 
together with the values of OT determined by the 
procedure (A). If all of these OT fit ~dthin the ex- 
perimental errors on to one O(T)-curve, then this curve 
can be supposed to represent the correct one. On the 
other hand the agreement of these two procedures can 
be seen as a proof of the correctness at least of the 
relative values of the atomic scattering curve used 
in (A). 

4. Resul ts  of m e a s u r e m e n t s  

All three procedures were used for the determination 
of the temperature dependence of 8. The maximum 
variation of temperature during the exposure was not 
greater than + 2 °C. The temperature was controlled 
for each diffraction photograph by the measurement 
of the lattice parameter a using the method of ratios 
for cylindrical camera described by (~ernohorsks~ 
(1959). The variation of a with T for silver was taken 
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Fig. 1. The var ia t ion  of u 2 wi th  T for silver. 
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from the measurements of Reynolds & ttume-Rothery 
(1938) and Spreadborough & Christian (1959b). 

For the determination of Or according to (A) the 
values of the atomic scattering factor of silver given 
by Sagel (1958) including the dispersion corrections 
were used. The results are given in Table 1. The 
variation of the total mean square displacements u 2 
with temperature is shown in Fig. 1. The u,~-values 
were determined in the same way as OT from (1) 
expressing the value of K by the relation 

K= - (16zg/3~2)u~,. 

Table 1. The temperature dependence of 0 for silver 
according to (A) 

T (°K.) O (°K.) T (°K.) O (°K.) 

291 208 763 198 
352 211 819 190 
445 200 873 189 
547 196 977 183 
669 197 1033 176 

Using the procedure described in (B)(i) the values 
of  KT were determined for all these temperatures 
choosing Tr -~ 291 °K. The results are given by points 
in Fig. 2 (solid line). The values of KT were then 
plotted against the reduced temperature T' using 
7=2,4.  These points fall with sufficient accuracy on 
a straight line (dashed line in Fig. 2) except the last 
two. This can be explained as due to the increased 
anharmonicity of the lattice vibrations near the melt- 
ing point. The same effect shows Fig. 1 for the last 

two values of u -~. According to (6) the value of OTr= 
209 °K. was determined for Tr=291 °K. 
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Fig. 2. The plot  of KT obta ined  f rom (5) versus  T or T' .  

For the application of procedure (B)(ii) the values 
of K T ,  which are given by a solid curve in Fig. 2, 
were used. The Or-values were then calculated from 
(5) choosing subsequently the values of OTr equal to 
170, 190, 200, 210 and 230 °K. The resulting set of 
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Fig. 3. The i l lustrat ion of p rocedure  (B) (ii) ; the  curves  shown 
refer t o  OTr ~ 170, 190, 200, 210 and 230 °K., the  circles 
follow from procedure  (A). 

curves is represented in Fig. 3. The circles denote the 
values OT obtained according to (A). Fig. 3 shows 
that the latter values can be fitted with sufficient 
accuracy to the curve calculated from (5) with 
O T r = 2 1 0  °K. within the whole temperature range 
investigated. For this OTr the values of Or  correspond- 
ing to the temperatures of measurement are in Table 2. 

Table 2. O(T)-dependenee for silver according to (B)(ii) 

T (°K.) O (°K.) T (°K.) O (°K.) 
291 210 763 194 
352 203 819 193 
445 199 873 191 
547 197 977 185 
669 195 1033 175 

5. Conclus ion 

The results of previous measurements of the tem- 
perature dependence of O mentioned in the intro- 
duction are revealed in Fig. 4. Paskin's method was 
used to convert the A-values taken from the Table II  
of Andriessen's paper into the appropriate O-T 
dependence. The results are given by the curve (a) 
in Fig. 4. The measurements of Boskovits et al. (1958) 
are given by crosses and their interpolated curve is" 

250 
......... " ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

200 :"" ~ . . . . .  " " ~  . . . . . . . .  (d) 
.... . . . . . .  ~ (~) 

150 .............. (c) 
.... ~ (b) 

100 

200 3~ 400 5~ 6~ 700 800 900 10'00 
T 

Fig. 4. The compar ison  of our  results  wi th  the  previous  
measu remen t s :  (a) Andriessen,  (b) Boskovi t s  et al., (c) 
Spreadborough  & Christ ian;  the  circles and  curves  (d), 
(e) present  au thor .  
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represented by  the  dot ted  line (b). The value OT,= 
191 °K. for T r = 2 9 3  °K. as determined by Spread- 
borough & Christian (1959) gives according to relation 
(3) the  t empera ture  dependence of 0 indicated in 
Fig. 4 by  a curve (c). I t  can be seen tha t  the O(T)- 
curves obtained from X - r a y  da ta  by  various authors  
differ considerably. For  this reason three different 
procedures were used in our paper  for deriving O(T)- 
dependence from X - r a y  measurements .  The resulting 
OT-values obtained from our measurements  applying 
(A) are given in Fig. 4 by  circles, and in the same 
figure the O(T)-curves resulting from (B)(i) and (B)(ii) 
are represented by  the lines (d) and (e) respectively. 
Fig. 4 shows tha t  all three procedures yield pract ical ly  
identical O(T)-curves. The reliabili ty of our measure- 
ments  can be demonst ra ted  especially by the agree- 
ment  of the results obtained by  assuming the knowl- 
edge of the scattering curve of the a tom at  rest  in (A) 
and on the other hand  by assuming the change of 0 
with tempera ture  according to Griineisen's law in 
(B)(i), which is thus closely obeyed by silver up to the 
t empera ture  of about  900 °K. The value of O0= 
218 °K. for T = 0  °K. obtained by  extrapolat ion in 
the curve resulting from (B)(i) is also sufficiently close 
to the value of 00=225 .3  °K. deduced from specific- 
heat  measurements  (Corak, Garfunkel,  Sa t te r thwai te  
& Wexler,  1955). 

The author  wishes to express her thanks  to Ing.  
J .  Lagek for his careful prepara t ion  of the  finely 
grained powder of silver and to Mr Z. g i k ~  for his 
help in the experimental  work. 
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(Received 29 December 1960 and in revised form 21 February 1961) 

o-Chlorobenzoic acid crystallizes in the monoclinic system, space group C2/c, with eight molecules 
in a unit cell of dimensions 

a=14.73,  b=3.90, c=25 .50A,  f l=112°40 '. 

The crystal structure, which consists of centrosymmetrical hydrogen-bonded dimers, was elucidated 
initially in projection. The final atomic parameters were obtained from a least-squares t reatment  of 
the three-dimensional data, a total of 1034 observed structure factors being employed. The strain 
which would be imposed on a planar ideal molecule is relieved in ~ number of ways. 

(i) The carboxyl group is rotated about the exocyclic C-C bond 13.7 ° out of the plane of the 
benzene ring. 

(ii) The chlorine atom and the exocyclic carbon atom are displaced + 0-036 and - 0.058 2t, respec- 
tively, out of the plane of the benzene ring. 

(iii) The exocyclic C-C and C-C1 bonds are displaced sideways so that  the normal valency angles 
of 120 ° are increased to 122-5 ° and 124.7 ° , respectively. 

1. In troduct ion  

That  steric interactions between ad jacent  non-bonded 
atoms m a y  have  an appreciable effect on molecular  

properties such as ultra-violet  absorpt ion has long 
been recognized and an extensive l i tera ture  exists 
concerning both experimental  and theoretical  aspects  
of the subject. See, for example,  Gray (1958). 


