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INTRODUCTION 

The X-ray crystal lographic method has been used in recent years to 

determine more molecular structures than al l  other experimental methods 

combined» The appl icat ion of this important method of structural analysis 

can be summarized in seven parts» 

(1) Select and mount single crystal of appropriate dimensions» I t  is 

not uncommon that di f f iculty in acquir ing suitable single crystals consti­

tutes the chief hindrance to structural analysis» 

(2) Prel iminary X-ray photographs. These photographs are used to 

obtain approximate unit  cel l  dimensions and to establ ish the space group 

( i f  unique), or at least l imit the choice of possible space groups» 

(3) Data col lect ion (raw intensit ies). Although f i lm methods are 

st i l l  quite common, the counter dif fTactometer method of data col lect ion 

is becoming increasingly employed since i t  offers the possibi l i ty for more 

accurate intensit ies (perhaps 3 to 4 t imes) and is also readi ly adapted to 

automated use. Whereas one may est imate ~500 intensit ies per day using 

f i lm methods (which is a ful l- t ime operation), i t  is not uncommon to col lect 

~1000 intensit ies per day with an automated counter dif fractometer which 

requires only a minimum of operator attention» This ease of data col lect ion 

has prompted many non-crystal lographers to incorporate the X-ray method of 

structure determination into their research programs. 

(4) Data reduction (corrected intensit ies). This step includes at 

least correction for Lorentz-polarization effects. The Lorentz correction 

arises because of geometrical effects, i .e.,  the crystal motion produced 

by the instrument used in the data col lect ion. The polarization 
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correction is necessary due to the part ial ly polarized nature of the re­

f lected X-ray beam, and is therefore a function only of 26, the scattering 

angle. Other effects which may need to be taken into account are those due 

to absorption, ext inct ion, streak, and anomalous dispersion. 

(5) Solut ion of phase problem and the derived structure. Although a 

number of techniques are avai lable for arr ival at an appropriate tr ial  

model (Patterson, superposit ion, direct methods, etc.) none is guaranteed 

for a given problem. Therefore this step in the analysis may not proceed 

routinely. 

The general expression in tr igonometric form relat ing corrected in­

tensit ies to structure factors is 

2 rn 
'hkî" = Fhkl = (.Ç, f j  * kyj + Izj)) + 

(1)  
m ,  

( r  f.  Sin 2Tt(hx. + ky. + Iz.)) 
j=1 J J J J 

In this expression f^ is the atomic scattering factor for atom j ;  Xj, y^, 

and Zj are the fract ional coordinates for atom j  in the unit  cel l ,  while 

h, k, and 1 are the crystal lographic indices for the ref lect ion. This ex­

pression can be simpli f ied considerably for the special case involving a 

center of symmetry, which is the case for the two structures presented in 

this thesis. Since a center of symmetry transforms (x, y, z) into (x, y, z),  

expression (1) immediately reduces to (2) i f  the origin is placed at a 

center of symmetry. 

« m _ 
'hkî = Fhkl '  fj 2>t(hXj + ky. + Iz.)) (2) 
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Since one does not usual ly know the coordinates to be used in expression 

(2)j  another function, cal led the electron density function, has been de­

vised and is usually employed in crystal structure analysis. The electron 

density function, a Fourier series describing the density of scattering 

matter within the unit  cel l ,  is given in expression (3) for the special 

case involving a center of symmetry. 

p(xyz) = -^ S S E Cos 23T (  ^  + -^ + ^  ) (3) 
— CO -CO —CO 

Only the unit  cel l  dimensions and magnitudes of Sre known from experi­

ment. In practice one arr ives at an appropriate tr ial  model (any method 

that works) whose coordinates " f ix" the phase or sign of F^^] for each re­

f lect ion, thus giving the electron density at each part icular set of 

coordinates. Successive structure factor and electron density map calcu­

lat ions are especial ly helpful in suggesting changes in the tr ial  model. 

(6) Refinement of derived structure. In recent years the method of 

least-squares has been the usual approach in ref inement of the derived 

structure. Formerly this important step was often the most laborious in 

structure analysis. However, since the advent of high speed computers the 

ref inement step is perhaps the most routine, i f  not straight-forward, of 

al l  the steps. One general ly ref ines scale factors, as well  as fract ional 

coordinates and thermal parameters ( isotropic and/or anisotropic) for the 

individual atoms, ions or molecules in the asymétrie unit  of the structure. 

(7) Presentation of results. The f inal step in an analysis of a 

crystal structure is the presentation of results. This presentation 

usually includes observed and calculated structure factors, bond distances 
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and angles with associated standard deviat ions, intermolecular distances, 

stereographic drawings showing the unit  cel l  and individual views of ions 

or molecules, and results of thermal motion analysis. These and other 

detai ls one may wish to include depending on the part icular problem 

i  nvolvedo 

Let us assume an experimental arrangement for col lect ing intensit ies 

such that a counter dif fTactometer is employed at room temperature. Further 

let us suppose that suff icient data are col lected such that the estimated 

standard deviat ion in the bond length is +0.005 I f  a 0.1% signif icance 

level is considered val id, then a dif ference between two bond lengths of 

greater than 0.015 ^ may be taken as signif icant. However, i t  is not un­

common in crystals, especial ly organic ones, that thermal motion causes an 

apparent atomic displacement of 0.02 % or more. Since i t  is general ly 

recognized that corrections for thermal motion are somewhat approximate, i t  

would be beneficial i f  thermal motion could be minimized. 

The scattering factor fal ls off  with increasing Sin Q/\ (which fal loff  

is due to the f ini te size of the electron cloud about the nucleus) as shown 

by 

f  .  f e"® 8/^^ (It)  
o 

where f  and f^ are the scattering factors at angles 9 and 0°, respectively. 

In this expression B Is a function related to the root-mean-square ampli­

tude of vibrat ion, often cal led the temperature factor which is somewhat 

of a misnomer. In many crystals thermal motion, indicated by the value of 

B, can be reduced to a third i ts room temperature value by cool ing to 90°K. 

In addit ion to reducing systematic errors In the coordinates, low 
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temperatures al low one to col lect more data, further improving stat ist ics. 

Although molecular parameters via the X-ray method general ly have 

been less accurate than those obtained by spectroscopic methods, the former 

should become more competit ive by ut i l iz ing both counter dif fractometer 

data and low temperature (~90°K). This thesis describes the analysis of 

two crystal structures and presents an experimental technique for cool ing 

single crystals during data col lect ion to temperatures below 90°K. 
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PART I .  CRYSTAL STRUCTURE OF 1J-DIMETHYL-2, 
5-DIPHENYL-l-SILACYCLOPENTADIENE PHOTODIMER 

Introduction 

Schmidt, ^  AL* have advanced the thesis, cal led the topo-

chemical postulate, that "reaction in the sol id state occurs with a mini-

mun amount of atomic or molecular movement." i t  has been further suggested 

that for nearest neighbor reactive center (^C=C^) separations of greater 

than about 4.1 sol id state photo-dimerization is prevented. 

Barton (11) has successful ly photo-dimerized 1,1-dimethyl-2,5-diphenyl-

1-si lacyclopentadiene (si lole monomer) in the sol id state, and Clardy and 

Read (12) have recently determined the single crystal X-ray structure of 

this monomer. Shortest separation of nearest neighbor reactive centers 

( %ZC=CC3) in this monomer crystal are signif icantly longer (~6.5 8) than 

the apparent 4.1 R photo act ive upper l imit suggested by Schmidt (3) and 

indicates marked departure from his data. Latt ice geometry of the monomer 

seemed to favor the centr ic dimer, and "spectral data does not necessitate 

a 'head-to-tai l '  dimer nor does i t  specify the stereochemistry of the 

cyclobutane ring'. '  (13). Therefore, we fel t  a single crystal X-ray study 

of si lole dimer to f i rmly establ ish the path of this photo-dimerization 

would be of interest. 

Experimental 

Single crystals of the compound were kindly supplied by Barton. 

Microscopic examination revealed that the crystals were elongated 

paral lelepipeds with well-defined edges. Since there was no evidence of 

decomposit ion in the atmosphere, a single crystal was selected and mounted 
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on the end of a glass f iber with Duco cement. Precession photographs ex­

hibited only 1 symmetry indicating a tr icl inic space group. Intensity 

stat ist ics (14) indicated the centrosymmetric space group Pi,  as was later 

confirmed by successful ref inement of the derived structure, 

Crysta1 data 

1,1-dimethy1-2,5-d i  phenyl-1-s i1acyclopentad i  ene photo-d imer (si lole 

d i m e r ) ;  M  =  $ 2 4 . 8 5 ;  M . P .  1 9 7 - 8 ° C ;  t r i c l i n i c ,  s p a c e  g r o u p  P i ( c ! ) ;  

latt ice parameters at 23+3°C for the crystal used in the data col lect ion, 

a = 13.137 + 5, b = 11.601 +3, c = 11.252 + 4 a = 95.94 + 2°, p = 77.91 

+ 3°, Y = 116.51 + 2°, V = 1500,39 The reduced cel l  in conventional 

or ientat ion (I5) is: a_ = I I .6OI +3j ^ = I3.O8I + 5j£ = 11.252 + 4^, 

a = 96.81 + 3°, p = 95.94 + 2°, Y = 116.01 + 2°, V = 1500.39 = 

1 
9 ? 

1 + 1 g/cm (by f lotat ion), = 1.051 g/cm for 1 = 1  formula units of 

per unit  cel l ;  F(OOO) = 56O ;  |_L = 11.8 cm for Cu-Ka radiat ion; 
2 3° 3D 

color: colorless; crystal habit;  paral lelepiped, elongated along £ direct ion 

of non-reduced cel l .  

The latt ice parameters and their standard deviat ions were obtained by a 

least-squares (16) f i t  to 27 independent ref lect ion angles with theta above 

20°. 

Data C011ection and treatment of data 

For data col lect ion, a crystal having approximate dimensions 0.25 x 0.20 

X 0.30 mm was mounted such that the 0.2 mm axis was along the spindle axis. 

Data were col lected at 23 + 3°C ut i l iz ing a four-circle Hilger-Watts auto­

mated dif fractometer interfaced to an SOS 910 computer. Using nickel f i l ­

tered copper KCK radiat ion (>, = 1.542 %) al l  data in the four octants with 
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posit ive 1-index were recorded within a theta sphere of 55° using the sta-

t ionary-crystaIJ stat ionary-counter technique. Counting t imes were 5 and 10 

sec for the background and peak, respectively. As a check on electronic and 

crystal stabi l i ty, three standard ref lect ions (600, 004, and 240) were 

remeasured periodical ly during the data col lect ion period. These exhibited 

some unusual f luctuations which prompted us to remeasure al l  ref lect ions. 

The same crystal orientat ion was used in both data col lect ions. 

The measured intensit ies were corrected for background, and for Lorentz-

polarization effects. No correction for absorption was made since the maxi­

mum and minimum transmission factors were 0.77 and 0.68 (17), respectively 

(i j ,  = 11.8 cm ' ) .  Of the 8133 independent pieces of data ( including dupl i­

cate and some mult iple observations), 2215 were found to have values of 

measured intensity, 1^, less than three t imes the standard error based on 

counting stat ist ics. These ref lect ions were considered as unobserved and 

were not included in the solut ion and ref inement of the structure. 

The est imated error in each intensity measurement was calculated by 

[a(lo)]2 = [C^ + + (K^ *  0^)2 + (K^ *  C^):]  /  (Lp)^ 

where and are the total count and the background count, respectively, 

while Lp is the Lorentz-polarization correction. A value of 0.05 was 

arbitrari ly assigned to and K^, the fract ional random errors in and 

C, .  The estimated standard deviat ion in each structure factor was calcu-
b 

lated by 

c(Fo) = [( 'o) + c( 'o)] -  |Fol 

a function based on the f ini te dif ference method (18). 
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Since sporadic di f f icult ies had been encountered in the dif fTactometer 

system, a unique set of data was obtained by devising a model independent 

stat ist ical test for the F 's, observed structure factors. When F 's from 
o o 

both data sets agreed within f ive standard deviat ions they were averaged, 

as were the standard deviat ions of the F^'s; otherwise they were removed 

from further consideration» Uti l izat ion of this stat ist ical test with 

subsequent averaging yielded a total of 21^4 unique pieces of observed 

data, as compared to a total of 2658 pieces of data prior to the test. 

Although this is quite a str ingent device i t  does appear to be just i f iable 

owing to the random nature of the errors involved» The ari thmetic mean was 

appl ied to the F 's while standard deviat ions in F were calculated by 
o o 

,  1/2 
} /N 

where N is the total number of terms in the summation^ These standard 

deviat ions were used during the least-squares ref inements to weight the 

observed structure factor, where ; i} ,  the individual weighting factor was 

de f i ned  as  1 / [ c t (F^) ]^< .  

Solution of Structure 

Examina t i on  of the sharpened (19) Patterson function revealed the 

posit ions of the si l icon atoms. Successive structure factor and electron 

density map (20) calculat ions readi ly revealed the remaining non-hydrogen 

atom locations» These posit ions were then ref ined by ful l-matr ix least-

squares (21) techniques with isotropic thermal parameters to a conventional 

discrepancy index of R = E l lF^I -  iF^II/zlF^I = 21.6% and a weighted 
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R-factor of tuR = (Zm(||  -  |F^|)^/ = 28.8%. Cromer and 

Waber (22) scattering factors were used with no correction for anomalous 

dispersion effects. A dif ference electron density map at this stage in­

dicated that al l  non-hydrogen atoms had been accounted for, but that 

considerable anisotropic motion was present. Although a signif icant num­

ber of the observed ref lect ions were el iminated from the ref inement as 

previously described, suff icient data were st i l l  avai lable to just i fy 

carrying out ful l-matr ix anisotropic least-squares ref inement on al l  non-

hydrogen atoms (~7 ref lect ions per variable). 

Prior to anisotropic ref inement, 20 ref lect ions were noted with 

|F^ -  F^|> 20(j(F^) and were discarded. Final anisotropic values of R and 

ojR of 9.0% and 12.3%, respectively, were obtained. A f inal electron 

density dif ference map was calculated showing no peak greater than a few 

tenths of 1 electron/%^, except in suspected hydrogen atom locations. 

Final values of the posit ional parameters for si lole dimers A and B 

together with the standard deviat ions as derived from the inverse matrix 

of the last cycle of the least-squares ref inement are given in Tables 1 

and 2, respectively. An indication of the direct ions and root-mean square 

ampli tudes of vibrat ion for the atoms ref ined anisotropical 1 y is provided 

by Tables 3 and 4 for dimers A and B, respectively. in Figure 1 are given 

the values of F and F in electrons (xlOO) for the 2134 ref lect ions used 
o c 

in the f inal ref inement. A structure factor calculat ion was also carr ied 

out with the original set of 2658 ref lect ions and gave a conventional R-

index of 14.5%. In addit ion, the values of F^ for ref lect ions considered 

unobserved were computed and in no case exceeded 3(y(F^). 
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Table 1« Final values of the posit ional parameters and their standard 
deviat ions for si lole dimer A 

Atom X/a Y/b Z/c 

Si (A) 0.1696(1) -Oo 0681 (1) 0.0300(1 ) 

C(1A) 0.1130(6) -0.1171 (6) 0.1949(5) 

C(2A) 0.3195(5) 0.0012(7) -0. 0092(6) 

C(3A) 0.0969(5) 0.0421(5) -0.0059(4) 

C(4A) 0. 0096 (4 ) -0,0424(5) -0.0914(4) 

C(5A) 0.0201 (5) -0.1659(5) -0.1279(4) 

C(6A) 0. 0887(4) -0.1952(4) -0.0809(4) 

C(7A) 0.1915(5) 0.1677(5) -0.0515(4) 

C(8A) 0.23 79(5) 0.1914(6) -0.1744(5) 

C(9A) 0.3304(7) 0.3040(7) -0.4162 (6) 

C(IOA) 0.3885(6) 0.3971 (7) -0.1383 (6) 

C(11A) 0.3452 (6) 0.3 7 74(6) -0.0178 (8) 
C(12A) 0.2472(5) 0.2634(6) 0.0318(6) 

C(13A) 0.1064(5) -0.3127(5) -0.1161(5) 

C(14A) 0.0883(5) -0.3720(6) -0.2328(6) 

C(15A) 0.1 062 (6 ) -0.4815(7) -0.2637(7) 

C(16A) 0.1450(6) -0.5329(6) -0.1822(8) 

C(17A) 0.1637(7) -0.4723(7) -0.0666(7) 

C(18A) 0.1462 (6) -0.3637(6) -0.0366 (6) 

^Numbers in parenthesis represent standard deviat ions in the last 
digit  of the parameter. 
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Table 2» Final values of the posit ional parameters and their standard 
deviat ions for si lole dimer B 

Atom X/a Y/b Z/c 

Si(B) 0.5173(1) 0.2133 (1) 0.4)56(1 ) 

C(1B) 0.5562 (6) 0.1962 (6) 0.2438(5) 

C(2B) 0.5878(6) 0.3885(5) 0.4580(6) 

C(3B) 0.5460(5) 0.1058(5) 0.5089(5) 

C(4B) 0.4261 (4) 0. 0062 (4) 0.5691 (4) 

C(5B) 0.3313 (5) 0.0346(5) 0.5436(5) 

C(6B) 0.3592(5) 0. 13 73 (5) 0.4728(5) 

C(7B) 0.6310(5) 0.1917(5) 0.5921 (5) 
C(8B) 0.5863 (6) 0.2159(5) 0.7122(5) 
C(9B) 0.6657(8) 0.3022(7) 0. 7831 (6) 

C(IOB) 0.7805 (8) 0.3640(7) Oo 733 3 (  8) 

C(l lB) 0.8266(6) 0.3431 (6) 0.6138(6) 

C(12B) 0.7483 (6) 0.2530(6) 0.5470(5) 

C(13B) 0.2760(5) 0. 1820(5) 0.4521 (5) 

C(14B) 0.1625(7) 0.1314(8) 0.5147(6) 

C(15B) 0.0131 (7) 0.1873 (10) 0.4997(7) 

C(16B) 0.1262(9) 0.2883 (9) 0.4259(7) 

C(17B) 0.2350(8) 0.3375(7) 0.3616(7) 

C(18B) 0.3120(6) 0.2832 (6) 0.3 740(6) 

^Numbers in parentheses represent standard deviat ions in the last 
digit  of the parameter. 
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Table 3« Final values of the thermal parameters and their standard deviat ions for si lole dimer A. 
2 2 2 

The form of the temperature factor is exp(-Pĵ h - ^22  ̂ ~ ^33'̂  ~ ~ 

Atom ^22 P33 ^12 ^23 

Si (A) 144(2) 144(2) 135(1) 85(1 )  -59(1) -21 (1) 

C(1A) 218(8) 217(8) 137(5) 127(7 )  -66(6) -  7(5) 

C(2A) 129(6) 217(8) 248(9) 87(6 )  -67(6) -31 (6) 

C(3A) 127(5) 152(6) 115(4) 71 (5) -46(4) -19(4) 

C(4A) 141 (6) 142(5) 137(5) 77(5) -66 (5) -32(4) 

C(5A) 140(6) 166(6) 136(5) 86(5) -51(5) -19(4) 

C(6A) 119(5) 135(5) 136(5) 63(4 )  -26 (4 )  - 5(4) 

C(7A) 140(6 )  139(6) 140(5) 82(5) -41(5) -17(4) 

C(8A) 144(7) 162(7 )  162 (6) 74(6 )  -31 (5) 7(5) 

C(9A) 175(8) 198(9) 213(8) 81(7) -48(7) 8(7 )  

C(IOA) 184(9) 220(9) 173(7) 94(7) -37(7) 8(6 )  

C(l lA) 139(7) 160(8) 317(12) 65(C) -88(8) -40(7) 

C(12A) 154(7) 142(7) 212(7) 68(6 )  -79 (6) -32(5) 

C(13A) 134(6) 145(6) 163(6) 74(5) -41(5) -18(4) 

C(14A) 157(7) 179(7) 192(7) 91 (6) -62(6) -62(6) 

C(15A) 174(8) 184(8) 282(11  ) 91(7 )  -74(8) -95(8) 

C(16A 162(8) 160(7) 316(12) 83(6 )  -52(8) -19(8) 

C(17A) 221 (10) 197(9) 268(10) 130(8) -70(8) -11(7) 

C(18A) 186(8 )  212(8) 177(7) 127(7) -32 (6 )  6 (6 )  
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Table 4. Final values of the thermal parameters and their standard deviat ions for si lole dimer B. 
2 2 2 

The form of the temperature factor is exp(-Pĵ h - 0^2  ̂ ~ ~ 20^2^̂  ~ 2# h  ̂ - 23 

Atom ^11  ^22 933 P12 ^13 ^23 

Si (B) 146(2) 137(2) 141(2) 69(1 ) -  52 (1 )  -  9 (1 )  

C(1B) 200(9) 233(9) 153 (6) 118(7 )  - 37(6) 8(5 )  

C(2B) 196(8 )  138(6) 241(8) 80(6 )  - 99(7) -17(5) 

C(3B) 145(6) 125(5) 164(5 )  68(4) - 58(5) -20(4) 

C(4B) 135(6 )  128(5) 165(6 )  66 (5 )  -  33 (5 )  - 8(4) 

C(5B) 168(7 )  152 (6 )  163(6) 82(5) -  47(5) -30(5) 

C(6B) 164(6) 157(6 )  143 (5 )  88 (5 )  - 54(5) -33 (4) 

C(7B) 169(7 )  136 (6 )  152 (6 )  74 (5 )  -  63 (5 )  - 9(4) 

C(8B) 213(8) 169(7 )  155 (6 )  101 (6) -  73(6) -31(5) 

C(9B) 209(9) 182 (8) 205(8) 77(7) -  91  (8) -23(6) 
C(IOB) 229(10) 160(8) 270(11 ) 84(7 )  -135 (9 )  -10(7) 

C(1IB) 192 (8) 174(7) 188(7) 92 (6) -  94(7) -27(6) 
C(12B) 150(7) 156(7 )  204(7) 61(6 )  - 65(6) - 1(5) 

C(13B) 128(6) 168(7) 175 (6 )  77(5) -  50 (5 )  -37 (5 )  

C(14B) 196(9 )  323  (12 )  180(7) 145(9) -  85(7) -19(7) 

C(15B) 201 (9) 445(19) 171(8) 194(11 ) -  62(7) -23 (10) 

C(16B) 236(11) 336(14) 175(8) 197(11) -104(8) -70(8) 
C(I7B) 229(10) 207(9) 249(10) 137(8 )  -121 (8) -48(7) 

C(18B) 210(8) 195(8) 201 (7) 117(7) -  98 (7 )  -27(6) 



www.manaraa.com

Figure 1. Comparisons of the observed and calculated structure 
factors ( in electrons x 100) for si lole dimer based 
on the parameters shown in Tables 1 -  4 
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Descript ion and Discussion of Structure 

The unit  cel l  contents of crystal l ine (si lole dimer) is 

i l lustrated (23) in Figure 2. Al l  atoms l ie in crystal lographic general 

posit ions with the cyclobutane r ing of each dimer posit ioned about a center 

of symmetry at 0,0,0 and 1/2, 0, 1/2, respectively. The two independent 

dimers are shown in the stereoscopic views in Figures 3 and 4. The number­

ing scheme is the same in each dimer to faci l i tate comparisons. Although 

the cyclobutane has planarity dictated via the center of symmetry, the 

least-squares plane through the siIacyclopent-2-ene r ing (Tables 5 and 6) 

shows that this r ing is only approximately planar which is to be expected 

because one of the double bonds of the si lacyclopentadiene has been de­

stroyed on dimerization. The dihedral angles between the cyclobutane r ing 

and the least-squares plane through the r ing of si lacyclopent-2-ene are 

about 119° in both dimers. 

Examination of the crystal packing arrangement of si lole monomer 

reveals that the phenyl group (jO^ in Figure 5) is rotated counter-clockwise 

approximately 12° with respect to coplanarity with the f ive-membered r ing. 

The phenyl group containing C(13) is rotated about the C(6)-C(13) bond in 

the same sense as in the monomer and such that the dihedral angles between 

the phenyl group and the f ive-membered r ing are 30° and 13° in dimers A and 

B, respectively. This dif ference is probably due to packing forces. 

The C(3)-C(7) distance and the two C-C distances within the cyclobutane 

r ing are 1.49, 1.59, and 1.57 respectively, in dimer A, whi le these three 

distances are 1.54 % in dimer B. This probably indicates a signif icant 

dif ference between the dimers, although inaccuracies in the data mil i tate 
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Figure 2. A stereoscopic view of the si lole dimer unit  cel l .  A r ight-
handed coordinate system with the origin in back lower left  
corner with X-axis toward the viewer 



www.manaraa.com

SILOLE UNIT CELL SILOLE UNIT CELL 



www.manaraa.com

Figure 3» A s tereoscopic v iew of  s i lo le d i  mer 
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Figure 4.  A stereoscopic v iew of  s i lo le dimer B 
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Table 5« Equat ions of  some important  least-squares planes and d is tances (8)  of  atoms f rom these 
p lanes for  dimer A 

Plane 11 Generated f rom Equat ion 

1 C(3A),  C(4A),  C (3A),  C (4A) 0.  03 7X +0.913 Y -0.405Z -0. 0 = 0.0 

2 J0[C(7A) -  C(12A)]  -0.61 7X +0. 786Y -0.03 7Z +0. 614 

0
 

d
 

II 

3 J0[C(13A) -  C(18A)]  0.892X +0.208Y -0.401 Z -0. 570 = Oo 0 

k Si (A) ,  C(3A),  C(4A),  C(5A),  C(6A) -0.633X -0.1 88Y + 0. 751Z +0. 680 = 0.0 

5 C(3A),  C(5A),  C(7A) 0.  725X -0,642 Y +O .249Z -Oc 849 II 0
 

0
 

D is tances f rom Plane i  n 8 

Name (1)  ( 2 )  (3)  (4)  (5)  

SÎA -1.670 -1.978 0.660 0.03]  1.769 
C3A 0.000 -0.13 7 0.446 -0.067 0.000 
G'3A 0. 000 1.365 - 1 O 586 1.428 . -1 .698 
C4A 0.000 0.349 -0.326 0.056 -  0.868 
C'4A 0.  000 0.879 -0.815 1.305 -0.830 
C5A -1.162 -  0.808 -0.424 -0.005 0.  000 
C6A -2.063 -2.009 0.010 -0.040 1.293 
C7A 1.116 0.  004 1.158 -1.272 0.000 
C8A 1.804 -0.016 2.591 -2.499 -0.215 
C9A 2.773 0.  002 3.842 -3.635 -0.124 
CI OA 3.051 -0.017 4.384 -3.645 0.281 
CI IA 2.397 0.006 3.593 -2.459 0.495 
C12A 1.402 0.001 2.269 -1.233 0.385 
C13A -3.207 -3.202 -0.01 1 -0.148 2.214 
C14A -3.1 12 -3.228 0.008 -0.743 1.856 
C15A -4.190 -4.357 -0.004 -0.840 2.736 
C16A -5.369 -5.496 0.001 -0.389 3.999 
CI 7A -5.448 -5.465 -0.  004 0.189 4.3 53 
C18A -4.3 75 -4.343 0.009 0.282 3.476 
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Table 6.  Equat ions of  some important  least-squares planes and d is tances (A) of  atoms f rom these 
p lanes for  d imer B 

Plane Generated f rom Equat ion 

1 C(3B),  C(4B),  C'(3B) ,  C (4B) 0:542X -O .396Y +0.7412 -9.207 = 0.  0  

2 J0[C(7B) -  C(12B)]  -0 .195X + O .928Y -0 .317Z +5.750 = 0.  0  

3 JD[C(13B) -  C(18B)]  0 .446X +0.480Y +0.756Z -5.589 = 0.  0 

4 S(B),  C(3B),  C(4B),  C(5B),  C(6B) O .238X +0c 566Y +0.789Z -4 .702 = 0.  0  

5 C(3B),  C(5B),  C(7B) 0 .  067X +0.879Y -0.471 Z +4.390 = 0.  0 

Di stances f rom Piane i  n 8 

Name (1)  (2)  (3)  (4)  (5)  

s ie -1 .649 1.990 0.460 -0 .  026 1 .787 
C3A 0 .  000 0.149 0.740 0.049 0.0 
C'3B 0.000 •1.332 -0 .816 -1.445 -1.650 
C4B 0 .  000 •0.295 0.416 -0.031 -0.  858 
C'4B Oo 000 •0.888 -0.492 -1.365 -0.792 
C5B -1 .203 0.869 0.122 -0.014 0.  000 
C6B -2 .119 2.109 0.148 0.  043 1 .355 
C7B 1 .154 0.004 2.147 1.278 0.000 
C8B 1.821 0.015 3.214 2.482 -  0.286 
C9B 2 .804 -0.020 4.502 3.613 -0.182 
CI OB 3 .035 0.005 4.693 3.535 0.249 
Cl 1 B 2 .371 0.015 3.653 2.356 0.559 
C12B 1.455 -0.  020 2.382 1.236 0.387 
C13B -3 .258 3.345 0.013 0.203 2.304 
C14B -3 .397 3.359 -0.  002 0 .459 1.898 
C15B -4 .489 4.650 -0.012 0.741 2.908 
C16B -5.296 5.771 0.015 0.  753 4.198 
C17B -5 .199 5.777 -0.003 0.473 4.614 
CIBB -4 .159 4.535 -0.011 0.183 3.649 
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Figure 5» A perspect ive v iew of  the s i lo le monomer packing arrangement.  
The v iew corresponds to a r ight-handed coordinate system 
wi th the or ig in in  the back lower le f t  corner and X-axis 
hor Î  zonta l  
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against  forc ing th is  conclusion» However,  us ing mean values g ives 

]  o56 + 1 8 for  the C-C d is tances in  the 4-membered r ing,  and 1.51 ±  1 % 

for  C(3)-C(7) ,  which are in  substant ia l  agreement wi th the d istances for  

1,  2 ,3, tet raphenyl-eye 1obutane as reported by Duni tz  (24) .  L ikewise,  the 

mean Si -C d istance of  K88 + 1 X is  in  substant ia]  agreement wi th values 

accepted (25)  for  th is  bond type.  Selected interatomic d istances and 

angles (26) for the two independent dimers are provided in Tables 7 ~ S 

whi le equat ions of  some important  least-squares planes and d is tances of  

atoms f rom these planes are g iven in  Tables 5 and 6.  

Schmidt  (3)  has emphasized the importance of  short  nearest  neighbor 

react ive center  (^C=C!^)  separat ions in  photo-dimer izat ion processes,  

not ing that  in  e i ther  "a-or  p- lat t ices" ,  character ized by centers of  

symmetry and la t t ice t ranslat ions,  respect ively,  react ions fa i led to pro­

ceed i f  these separat ions were greater  than ~ 4.1 8.  Therefore on th is  

basis,  the s i lo le dimer const i tutes a v io lat ion of  the topochemical  postu­

late as formulated by Cohen and Schmidt ,  because photo-dimer izat ion pro­

ceeds through a double bond center  to center  separat ion of  ~ 6.9 X and 

does not  occur "wi th a minimum amount o f  atomic or  molecular  movement"  (1) .  

Our resul ts  indicate that  other  factors in  addi t ion to c loseness of  nearest  

neighbor react ive centers are important .  
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Table 7 '  Selected interatomic d is tances in  s i lo le dimers A and both 
uncorrected and corrected for  thermal  mot ion 

Si lo le Dimer A S i lo le Dimer B 

Atoms uncorr» ^  
b 0 

corr» A Atoms uncorr .  % corr .  I 

Si (A) - C(1A) 1.89 1.91 Si  (B)  -  C(IB) 1.91 1.93 

Si  (A)  - C(2A) 1.85 1.89 Si (B) -  C(2B) 1.88 1.90 

C(3A) - Si  (A)  1.91 1.92 Si (B) -  C(3B) 1.91 1.91 

C(3A) - C(4A) 1.57 1.58 C(3B) -  C(4B) 1.54 1.54 

C(3A) - C (4A) 1.59 1.59 C(3B) -  C (4B) 1.54 1.54 

C(4A) - C(5A) 1.51 1.51 C(4B) -  C(5B) 1.51 1.51 

Si  (A)  - C(6A) 1.87 1.87 Si  (B)  -  C(6B) 1.85 1.86 

C (6A )  - C(5A) 1.31 1.32 C(5B) -  C(6B) 1.37 1.37 

C(3A) - C(7A) 1.49 1.49 C(3B) -  C(7B) 1.54 1.54 

C(7A) - C(8A) 1.39 1.41 C(7B) -  C(8B) 1.41 1.43 

C(8A) - C(9A) 1.37 1.39 C(8B) -  C(9B) 1.41 1.42 

C(9A) - C(IOA) 1.37 1.37 C(9B) -  C(10B) 1.37 1.37 

C(IOA) -• C( l lA)  1.36 1.38 C(11B) -  C(10B) 1.40 1.40 

C(7A) - C(12A) 1.41 1.43 C(7B) -  C(12B) 1.38 1.40 

C( l lA)  - C(12A) 1.43 1.45 C(12B) -  C(11B) 1.38 1.39 

C(6A) - C(13A) 1.49 1.49 C(6B) • -  C(13B) 1.48 1.48 

C(13A) - C(14A) 1.43 1.45 C(13B) -  C(14B) 1.38 1.40 

C(14A) - C(15A) 1.39 1.42 C(14B) -  C(15B) 1.50 1.51 

C(15A) - C(16A) 1.43 1.43 C(16B) -  C(15B) 1.34 1.35 

C (  16A )  - C(17A) 1.43 1.45 C (16B) -  C(17B) 1.35 1.36 
C(13A) - C(18A) 1.42 1.44 C(13B) -  C(18B) 1.38 1.41 

C(18A) - C(17A) 1.38 1.41 C(17B) -  C(18B) 1.44 1.46 

^Al l  d is tances have standard deviat ions of  + 0.01 

The r id ing model  was used to correct  for  thermal  mot ion^ the second 
atom assumed to r ide on the f i rs t .  
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Table 8.  Selected interatomic angles^ in  s i lo le dimer A 

Atoms Angle,  Deg Atoms Angle,  Deg 

C(2A) - Si  (A)  - C(6A) 112 G(13A) -  C(6A )  -  Si(A)  127 

C(2A) - Si  (A)  - C(1A) 109 C(8A) -  C(7A) - C(12A) 117 

C(2A) - Si  (A)  - C(3A) 114 C(8A) -  C(7A) - C(3A) 123 

C(6A) - Si  (A)  - C(1A) 116 C(12A) -  C(7A) -  COA) 120 

C(6A )  - Si  (A)  - COA) 94 C(9A) '  -  C(SA) - c(7A) 12:  

C(1A) - Si  (A)  - COA) 1 12 C (  1 OA )  -  C(9A) -  C(8A) 122 

C(7A) - C(3A) - C(4A) 118 C(!1A) -  C(10A) -  C(9A) 117 

C(7A) - C(3A) - C (4A )  118 C(1 OA )  -  C( l lA)  -  C(12A) 124 

C(7A) - C(3A) - Si  (A)  110 C(7A) -• C(12A) • -  C( l lA)  117 

C(4A) - C(3A) - C (4A) 88 C(18A) -  C(13A) -  C(14A) 120 

C(4A) - C(3A) - Si  (A)  104 C(18A) -  C(13A) -  C(6A) 120 

C (4A) --  C(3A) .  - Si  (A)  115 C(]4A) - C(13A) -  C(6A) 120 

C(5A) - C(4A) - C(3A) 111 C(15A) -  C(14A) -  C(13A) 119 

C(5A) - C(4A) - C (3A) 121 C(14A) -  C(15A) -  C(16A) 121 

C(3A) - C(4A) - C (3A) 92 C(15A) -  C(16A) -  C(17A) 120 

C(6A) - C(5A) - C(4A) 120 C(18A) -  C(17A) -  C(16A) 119 

C(5A) - C(6A) - C(13A) 123 C(17A) -  C(18A) -  C(13A) 122 

C(5A) - C(6A) - Si  (A)  110 

^ E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  i n  a l l  a n g l e s  a r e  ( +  1 ° ) .  
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Table 9-  Selected interatomic angles^ in  s i lo le dimer B 

Atoms Angle,  De g Atoms Angle,  Deg 

C(2B) - Si (B)  - C(6B) 113 CO o
 -  0(68) -  Si  (8)  127 

C(2B) - Si(B)  - C(IB)  109 C(8B)  -  0(78)  - 0(128)  120 

C(2B) - Si (B)  - C(3B) 114 C(8B)  -  0(7B) - 0(36)  119 

C(6B)  - Si (B)  - C(I8)  113 C(12B) -  0(7B) -  0(3 6)  121 

C(6B) - Si (B) - C(3B) 94 C(9B) • -  0(88) - 0(78)  117 

C(1B) - Si(B) - C(3B) 115 C(IOB) -  0(98) -  0(86)  120 

C(76)  - C(3 6)  - C(4B)  118 C(I1B)  -  0(108) -  0(98)  124 

C(7B) - C(3B) - C (4B) 117 C(IOB) -  0(118)  -  0(128)  116 

C(7B) - C(3B) - Si (B)  109 C(7B) •  •  0(126)  • -  0(118)  123 

C(4B)  - C(3B) - C (4B) 92 C( I8B)  -  0(138)  -  0(146)  119 

C(4B) - C(3B) - Si (B)  106 0(186)  -  0(138)  -  0(66)  119 

C (46)  •  •  C(3B) --  S i  (B)  115 0(148)  -  0(136)  -  0(68)  122 

C(5B) - C(4B)  - C(3B) 111 C(15B) -  0(146)  -  0(138) 120 

C(5B) - C(4B)  - C (3B) 120 C(14B) -  0(158)  -  0(168)  118 

C(3B) - C(4B)  - C (3B) 89 C(15B) -  0(168)  -  0(178)  123 

C(6B)  - C(5B) - C(4B)  120 0(186)  -  0(178)  -  0(168)  120 

C(5B) - C(6B)  - C(13B) 124 0(176)  -  0(186)  -  C(13B) 120 

C(56)  - C(6B)  - Si(B)  109 

^ E s t i m a t e d  s t a n d a r d  d e v i a t i o n s  i n  a l l  a n g l e s  a r e  ( +  1 ° ) .  
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PART II .  CRYSTAL STRUCTURE OF HzTa^Cljg'&HgO 

In t roduct  ion 

A number of  compounds have been reported of  the type 

L^_^]  ^  where M=Nb, Ta;  X=halogen;  Y=halogen,  L=neutra l  e lectron do­

nat ing l igand such as H^O; m=number o f  Y groups,  and n=charge on the 

uni t .  As reported by Burbank (27)  and ver i f ied by s t ructura l  in format ion 

for  a number o f  conta in ing compounds (27-33) the complex ion 

wi th n=2,3,4 appears to ex ist  as a s t ructura l  pr inc ip le in  a l l  polynuclear  

subhal ides of  the above type,  wi th the tendency to coordinate addi t ional  

l igands in  an octahedral  pat tern in  the sol id state.  Burbank has fur ther  

concluded that  a l though four  negat ive l igands consistent ly  coordinate 

to f la t ten the polynucleus,  two negat ive l igands lead to elongat ion 

of  the polynucleus,  and s ix  negat ive l igands give r ise to an undistor ted 

equi l ibr ium symmetry.  

Since the chemistry of  polynuclear  subhal ides is  s t i l l  in  i ts  forma­

t ive stage,  we fe l t  that  s t ructura l  in format ion of  another con­

ta in ing compound would be of  in terest .  Therefore we undertook an X-ray 

study of  HgTa^Cl jg 'GHgO for  which n=4.  

Exper imental  

A sample of  the compound was k indly suppl ied by Dr.  R.  E.  McCar ley 

and dark red crysta ls  were obta ined by recrysta l1 izat ion f rom a hydro­

chlor ic  acid solut ion through which chlor ine gas had been passed.  Micro­

scopic examinat ion revealed that  the crysta ls  were octahedral  wi th sharply 

def ined edges.  Crysta ls were selected and mounted in  th in-wal led Linde-

mann g lass capi l lar ies to prevent  decomposi t ion in  the atmosphere.  Pre­
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l iminary precession photographs exhib i ted m3m symmetry indicat ing a cubic 

space group.  The condi t ions l imi t ing the possib le ref lect ions were hk l  

when h+j<=2_nCj hhI  when J.+h.=2j2C5 Okl  when ( ]< )_ i=2n)C,  and hkl  when 

j2+_k+j_=2j2+l  or  4 j i .  These condi t ions are consistent  wi th space group 

Fd3m(0^) .  The uni t  ce l l  parameter  at  23+3°C is  a = 19.92+1 8,  as deter­

mined by a 1 east-squares f i t  to 13 independent  ref lect ion angles whose 

centers were determined by le f t - r ight ,  top-bot tom beam spl i t t ing on a 

previously a l igned General  E lectr ic  XRD-5 counter  d i f f ractometer  (Mo K 

radiat ion,  X = 0.7107 8) .  The uni t  ce l l  was assumed to contain e ight  

molecules of  H^Ta^C1^g•6H2O leading to a calculated densi ty  of  3.08 g/cm^ 

which is  in  reasonable agreement wi th the expected value.  

For data col lect ion,  a crysta l  having approximate d imensions 0.10 x 

0.10 X 0.086 mm a long the _a, _b,  c  crysta l  axes,  respect ively,  was mounted 

such that  the 0.086 mm axis was a long the spindle ax is.  

Data were col lected at  room temperature (23 + 3° C) u t i l iz ing a 

General  E lectr ic  XRD-5 d i f f ractometer  equipped wi th a sc int i l la t ion counter  

and us ing z i rconium f i l tered molybdenum Ko; radiat ion (X =  0.7107 8) .  

With in a two theta sphere of  50°,  a l l  data in  1/6 of  an octant  (h s  k > 1) 

were recorded using the 0-20 scan technique wi th a take-of f  angle of  

3°.  A symmetr ic  scan range of  3-33° in  20 was used and s tat ionary-

crysta l ,  s tat ionary-counter  background counts were made at  each end of  

the scan.  Count ing t imes for  the la t ter  were 20 sec,  i f  29 5 15° and 

40 sec i f  28 < 15°.  The scan rate was 2° /min.  A to ta l  of  365 ref lect ions 

were measured in  th is  way.  

As a general  check on e lectronic and crysta l  s tabi l i ty ,  the in tensi ­

t ies of  three standard ref lect ions (642,  911,  and 8OO) were remeasured 
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per iodical ly  dur ing the data col lect ion per iod.  These ref lect ions de­

creased s lowly in  intensi ty ,  the tota l  decrease being about  6.57,  dur ing 

the ent i re per iod of  data col lect ion;  such a decrease was considered qui te 

acceptable and the data were appropr iate ly  corrected.  

The in tensi ty  data were a lso corrected for  Lorentz-polar izat ion 

ef fects and for  ef fects due to absorpt ion.  The absorpt ion coef f ic ient ,  

i j ,  is  194.49 cm and an absorpt ion correct ion was made us ing a computer  

program by Wehe, £ t  aj_.  (34) .  The maximum and minimum t ransmission factors 

were 26.6% and 29.4% respect ively.  Of the 365 measured in tensi t ies,  214 

were found to be above background,  (_ i_.e. ,  greater  than three t imes the 

standard error  based on count ing s tat is t ics)  and therefore considered 

as observed.  The unobserved ref lect ions were not  used in the solut ion 

and ref inement of  the der ived st ructure.  

The est imated error  in  each in tensi ty  measurement was calculated by 

[0(1^)12 = ^ + (K2. . -C^)2] / (A. .Lp)2 

where J is  5/2 or  5/4 depending on whether background counts were measured 

for  20 sec or  40 sec,  respect ively,  and where and are the tota l  

count  and the background count ,  respect ively.  Also -  J*C^,  A 

is  the t ransmission factor ,  and K ,  K, and K are the f ract ional  random 
t o ,  a  

errors in  C^,  C^,  and A,  respect ively,  A value of  0.04 was arb i t rar i ly  

assigned to K ,  K. ,  and K ,  The est imated standard deviat ion in  each 
t  b a 

s t ructure factor  was calculated by 

= [ ( l^)  + o( lo) ]^  -  IF^I ,  

a funct ion based on the f in i te di f ference method (18) .  These standard 

deviat ions were used dur ing the least-squares ref inements to weight  the 

observed st ructure factors where the indiv idual  weight ing factor ,  
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Table 10.  F inal  values of  the posi t ional  parameters and thei r  standard 
deviat ions^ for  HgTa^Cl ig-ôHgO 

Atom Posi t ion X/a Y/b Z/c 

Ta 48f  0.23016(7)  0.125 0.125 

CI( term.)  48f  0.35606(46) 0.125 0.125 

Ci(br idg.)  96g 0.12543(47)*^ Z/c 0.24526(22) 

^Numbers in  parentheses represent  s tandard deviat ions occurr ing in 
the last  d ig i t  of  the parameter .  

^This br idging chlor ine posi t ion is  wi th in a standard deviat ion of  
the symmetry f ixed posi t ion,  0.125.  
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was def ined as \ /a(F^)^.  

Solut ion and Ref inement of  Structure 

Examinat ion of  the Pat terson funct ion readi ly  revealed t r ia l  posi t ions 

for  the tanta lum c luster .  The posi t ions were then ref ined by fu l l -matr ix  

least-squares methods wi th isotropic thermal  parameters to a convent ional  

d i  screpancy factor  of  R = S|  ]  F^|  -  I I /^l  = 0.135 and a weighted 

R-factor  of  mR = ( I I (u( | f^ |  -  |  F^j  )  ̂ /Saj ]  F^ |  = 0.143.  The scat ter ing 

factors used were those of  Cromer and Waber (22)  wi th modi f icat ions for  

the real  and imaginary par ts of  anomalous d ispers ion (35) .  

A d i f ference electron densi ty  map (36 )  at  th is  stage showed that  

apparent ly  a l l  atoms had been accounted for ,  but  that  some anisotropic 

mot ion,  par t icu lar ly  of  the heavier  atoms, was qui te evident .  

Af ter  adding the ten anisotropic thermal  parameters a l lowed by 

symmetry (37) ,  there were a to ta l  of  15 parameters to  be var ied and 

therefore,  13 ref lect ions/var iable.  Therefore,  fu l l -matr ix  anisotropic 

least-squares ref inement was considered just i f ied.  

Final  values of  R and , i ,R o f  0.053 and 0.055,  respect ively,  were 

obta ined.  Even though no oxygen atoms had been added to the ref inement,  

a f inal  d i f ference e lectron densi ty  map was calculated and exhib i ted no 

peak above one e lectron/%^ in  any chemical ly  reasonable posi t ion.  There­

fore,  the water  molecules were assumed to be d isordered.  

In Table 10 are g iven the f inal  values of  the posi t ional  parameters,  

a long wi th thei r  standard deviat ions as der ived f rom the inverse matr ix  

of  the last  cycle of  the least-squares ref inement.  In  Figure 6 are g iven 

the values of  F and F in  e lectrons for  the 214 ref lect ions above back-
o c 
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Figure 6.  Compar ison of  observed and calculated st ructure factors ( in  
electrons)  for  H„Ta^Cl . q -6h~0 based on the parameters shown 
in  Tables 10 and^i r  '  
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Table 11.  F inal  values of  the thermal  parameters^ and thei r  standard deviat ions^ for  
HzTa^Clig-ÔHzO 

Atom Posi t ion P, ,  Pgz ^33 ^ ]2 ^13 ^23 

Ta 48f  172(5)  193(3)  0.0 0.0 4(5)  

CI( term.)  48f  213(26) 337(20) 0.0 0,0 13(35) 

CKbr idg.)  96g 314(20) 203(9)  ^ ,3 28(14) -29(12) 

a 2 2 2 
The form of  the anisotropic temperature factor  expression is  exp[- (p, ,h + + p _1 

+ ZPjghk + ZPlghl  + ZPggkl)] .  

^Numbers in  parentheses are standard deviat ions occurr ing in  the last  d ig i t  of  the parameter .  
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ground.  The values of  for  unobserved ref lect ions in no case exceeded 

3a(F^) .  An indicat ion of  the d i rect ions and root-mean square ampl i tudes 

of  v ibrat ion for  the atoms ref ined an isotropical  I  y is  provided by Table I I .  

D e s c r i p t i o n  a n d  D i s c u s s i o n  

The uni t  cel l  o f  crysta l l ine H2Ta^Cl jg-6H20 showing only the Ta^Cl^g 

anions is  i l lust rated (23)  in  Figure 7.  The tanta lum and terminal  chlor ine 

atoms l ie  in posi t ions of  mm crysta l lographic symmetry,  whi le the br idging 

chlor ines l ie  on mirror  p lanes.  The ef fect  is  to g ive a cel l  consist ing 

of  e ight  d is t inct  and regular  octahedral  Ta^Cl^g anion c lusters (0^ 

symmetry) ,  wi th centers at :  (1/8,  1/8,  1/8) ,  (1/8,  5/8,  5/8) ,  (5/8,  5/8,  

1/8) ,  (5/8,  1/8,  5/8) ,  as wel l  as others re lated to these by the center  

of  symmetry.  Also there are 'holes '  (~ 9 8 diameter)  in  the st ructure 

wi th centers at :  (3/8,  3/8,  3/8) ,  (1/8,  5/8,  1/8) ,  (5/8,  1/8,  1/8) ,  

(1/8,  1/8,  5/8) ,  p lus others re lated to these by the center  of  symmetry.  

This arrangement of  tanta lum c lusters and 'holes '  is  that  of  two in ter­

penetrat ing diamond type la t t ices,  respect ively.  The Ta^Cl jg ion c luster  

is  stereoscopical  1 y  shown in  Figure 8.  

Compar ison of  van der  Waal  s  '  contacts between c lusters and in t ra-

c luster  d istances is  provided in  Table 12.  Bond lengths,  both uncorrected 

for  thermal  mot ion and corrected using the r id ing model  approximat ion 

are g iven in  Table 13- The terminal  Ta-Cl  d is tance of  2.507 + 9 % i  s 

s igni f icant ly  longer than the br idging Ta-Cl  d is tance of  2.4 l4 + 5 

and such a lengthening is  in  agreement wi th other  polynuclear  subhal ides 

(29-33).  The Ta-Ta d is tance of  2.962 + 2 S as wel l  as br idging and ter­

minal  Ta-Cl  d is tances in  the Ta^Cl jg c luster  compare favorably wi th the 
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Figure 7» A stereoscopic view of the packing of TA^CL^o" anion clusters in the 
unit  cello The view corresponds to a r ight-nanded coordinate system 
with the or igin in the front lower lef t  corner with the X-axis horizontal  
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Figure 8. A stereoscopic view of the Ta^Cl^g anion cluster 
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Table 12. Comparison of van der Waal s contacts between Ta^Cl^g 
clusters and intracluster distances^, and their  
associated standard deviat ions^ 

Length, 8 Length, 8 
Atoms Between in Same 

Clusters Cluster 

C1 ( term) -CI (b r i  dg) 3.675(0.006) 3.250(0.008) 

CI (br i  dg) -CI (br idg) 3.671(0.013) 3.384(0.017) 

CI(term)-CI(term) 5.007(0.003) 6.499(0.017) 

^A1I distances are uncorrected for thermal motion. 

Numbers in parentheses refer to the standard deviat ions in the last 
digi t .  
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Table 13. Comparison of bond lengt l is using the r iding model approxima­
t ion to the correct ion for thermal motion 

Length, ^ Length, % 
Bond (Uncorr) (Riding-Motion) 

Ta-Cl(term) 2.507(0.009) 2.519(0.009) 

Ta-Cl(br idg) 2.414(0.005) 2,421(0.005) 

Ta-Ta 2.962(0.002) 2.962(0.002) 

^Numbers given in parentheses refer to the standard deviat ions 
occurr ing in the last digi t .  

^Second atom assumed to r ide on the f i rst .  
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Table l4.  Compilat ion of some distances^ in C 

Compound d(M-M), % d(M-X), % d(M-Y), % d(X-X), K 

fas' ,4 ™ 

TagCli^-THjO (27) 

2.805 ,  
3.080 

2.96 

go") 2.754 3.785 

TajCl,5 (29) 2.925 2.434 2.564 3.408 

NbgCI,^ (30) 

K^(NbgCI|g) (31) 

2.962 

2.895 ,  
2.955 

2.915 

915^ 

2.414 

2.407 

2.49 

2.507 

2.58 

2.596 

3.384 

3.385 

3.47 

NbgFi j  (32) 2.80 2.05 2. 1 1 2.89 

[(CHj)^N32Nb^CI|g (33) 3.02 2.42 2.46 3.40 

^A1 1 d istances refer to average values. 

Tetragonal f lat tening. 
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structural  data about other [(M^X,„)Y L< ]  species, as indicated b i z  m  b - m  

in Table 14. A comparison of  the results in this table shows that there 

is a consistent lengthening of the M-M distance upon oxidat ion of the 

*^6^12"^ c luster.  The M-Y ( terminal)  distance is also shortened upon 

oxidat ion of the cluster and is shorter than one would expect 

af ter equi 1ib ra t  ion of the intracluster repulsion forces due to 

lengthening of the M-M distance. Our results appear reasonable in view 

of molecular orbi tal  studies of the species (38, 39). Infrared 

spectra of these polynuclear subhal ides with in = 3,4 have been interpreted 

on the basis of t ighter binding in the M-Y ( terminal)  bond (40)• 

I t  would be reasonable to assume that the six waters and two protons 

reside in the approximately 9 ^ 'holes'  in the structure, but with no 

preferred ordering. This would account for the fact that there were no 

peaks found on the di f ference map above a value of 1 e lectron/8^, al though 

no oxygen atoms had been included in the structure factor calculat ion. 

In (HNb^lg)^* (4l) ,  the hydrogen atom was found to reside in the 

center of  the Nb^ c luster,  but chemical evidence (42) seems to rule out a 

s imi lar posit ion for the proton in this case. 
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PART I I I .  A TECHNIQUE FOR COOLING SINGLE CRYSTALS 
BELOW 90°K FOR X-RAY DIFFRACTION 

Introduct ion 

In recent years a number of  low temperature systems for single crystal  

X-ray di f f ract ion invest igat ions have been reported in the l i terature. The 

recent systems have in general incorporated elaborate electronic level 

control l ing devices or some type of pressure control  to maintain constant 

pressure of the outf lowing gas (4],  44j.  These systems have the disadvan­

tage of having a large number of  components and tend to be expensive. We 

have developed a crystal  cool ing apparatus that incorporates many of  the 

features of systems recent ly developed, but uses a level control ler con­

sist ing of a f loat and microswitch arrangement in a miniature Dewar and 

a gravi ty feed intermediate Dewar system to reduce pressure variat ions. 

Descript ion and Operat ion 

The apparatus consists of  three Dewars and associated electronics as 

shown in Figure 9 .  Liquid ni trogen is boi led from the small  Dewar to 

provide the cold gas stream for cool ing the crystal .  The smal l  s ize of 

the Dewar al lows placement of  this vessel c lose to the crystal  and per­

mits the use of a short  del ivery nozzle which is usual ly posit ioned 2-3 mm 

from the crystal .  The miniature Dewar is si lvered except for a narrow 

str ip along the side which permits inspect ion of the components inside. 

A heater (wire wound resistor,  2S0ÇI, lOW) is used to provide the constant 

f low of cold gas v ia boi l ing l iquid ni trogen. As the l iquid level in the 

miniature Dewar fa l ls,  a microswitch is tr iggered and a magnetic valve 

is energized which permits l iquid ni trogen to gravity-feed from the inter-
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Figure 9. Diagram showing miniature Dewar and auxi l iary apparatus 
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Figure 10. Diagram showing detai ls of miniature and intermediate 
Dewars 
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mediate Dewar to t l ie smal l  Dewar (Figure 10).  A smal l  f loat is used in 

tr iggering the microswitch. By using such a f loat we f ind that the l iquid 

ni trogen level in the small  Dewar can be kept constant to with + 5 mm. 

Since the level is kept constant and since ref i l l ing takes place by a 

gravi ty mechanism, the gas pressure remains essent ial ly constant and hence 

a f ine temperature control  can be attained. 

The intermediate Dewar is ref i l led from a 50 l i ter supply Dewar. A 

commercial  e lectronic level control ler (Cryogenic Associates, Inc.)  is 

used to tr igger the ref i l l ing act ion, al though other devices could also 

be readi ly employed for this purpose. As the l iquid level fal ls below the 

thermistor ( level sensor),  the level control ler energizes a solenoid 

valve and l iquid ni trogen f lows for a preset t ime from the pressurized 

reservoir  (2 PS I ) .  I f  a malfunct ion occurs ( i .e.  empty reservoir ,  micro-

switch fai lure, etc.)  a safety relay turns off  the system. 

We have found, as have Abowitz and Ladel l  (43),  that a f ine mesh 

stainless steel screen (400 x 2500 mesh. Unique Wire Weaving Co.) placed 

over the inlet hole of the del ivery nozzle prevents powdered ice part ic les 

which are often in the l iquid ni trogen from being carr ied along in the 

gas stream to the crystal .  Ice formation at the cold gas exi t  can be 

effect ively el iminated by using a resistance heater attached around the 

exi t  by means of  a s i l icone adhesive (General Electr ic Co.).  

Results 

The temperature of the cold gas stream was monitored by means of  a 

copper-constantan thermocouple placed approximately 2 mm from the exi t  

point,  outside the del ivery nozzle. The thermocouple wire leads were run 
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Figure 11. Gas temperature at  out let  of del ivery nozzle versus 
consumption of l iquid ni trogen 
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through the length of the nozzle to minimize any temperature gradients. 

The temperature of the gas stream impinging on the crystal  in our 

system can be control led by ei ther of two methods; (1) the rate of cold 

gas f low can be var ied, or (2) the amount of  current in a heater placed 

in the del ivery nozzle can be var ied. Figure 11 shows results obtained 

with the f i rst  method. I t  should be noted, as would be expected, that the 

f i rst  method does not give f ine temperature control  except at higher f low 

rates. Therefore we general ly operate in the second mode, use a higher 

f low rate (e.g. 850 ml/hr) and use the nozzle heater (open hel ix of re­

sistance wire) to maintain temperatures at the crystal  to within + 0.5°C 

of the desired temperature between ambient and -192°C. 

D i  scuss ion 

Although f ine temperature control  is not essent ial  for low tempera­

ture data col lect ion (4$) i t  is nonetheless a very desirable feature, 

especial ly i f  one wishes to g row single crystals j_n s i  tu from the melt  at  

temperatures below room temperature. By maintaining essent ial ly a constant 

l iquid level and by using a gravi ty-feed instead of a pressure-feed mechan­

ism, we have obtained f ine temperature control ;  yet our system is relat ive­

ly inexpensive compared with other systems, part icular ly those which 

control  the pressure of the eff luent gas direct ly (4]) .  

The smal l  s ize of the miniature Dewar permits i ts being posit ioned 

direct ly on a di f f ractometer.  In the course of a recent invest igat ion 

at _ca. -187°C l iquid ni trogen was consumed at the rate of less than 20 

l i ters per day (46).  
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SUMMARY AND CONCLUSIONS 

The crystal  structure of 1,1-dimethyl-2,5-diphenyl-1-si lacyclopenta-

diene photodimer (s i lole dimer) has been determined, and the counter 

intensity data have been ref ined by anisotropic least-squares analysis.  

The s i lo le dimer molecule contains a completely planar cyclobutane r ing 

via the center of symmetry. The mean C-C distance within this 4-membered 

r ing is 1.56 8 and is probably longer than the normal C-C single bond 

length. The mean Si-C distance is 1.88 8. Elucidat ion of the structure 

of s i lo le dimer establ ishes the path of approach producing the photoproduct 

as being between two photo act ive monomers related by a screw axis with a 

react ive center distance of ~ 6 .9 X. The pr inciple feature of this react ion 

system is that i t  const i tutes a s ignif icant departure from the "topochemical" 

postulate as formulated by Cohen and Schmidt.  

The crysta l  s t ructure of  H2Ta^Cl^g '6H2O has been determined,  and the 

three-d imensional  sc in t i l la t ion counter  data re f ined by an isot rop ic  least -

squares analys is .  The s t ructure is  cubic  and cons is ts  o f  Ta^Cl^g an ion 

c lusters  o f  0^ symmetry ,  which pack in  a d iamond type la t t ice.  The Ta-Ta 

d is tance is  2.962 The terminal  Ta-Cl  d is tance 2.507 % i s  s ign i f icant ly  

longer than the br idging Ta-Cl d istance of  2.414 X, 

An e f f ic ient  and inexpensive method o f  cool ing a crysta l  to  low 

temperatures and mainta in ing f ine temperature cont ro l  a t  the crysta l  has 

been developed for  s ing le  crysta l  X-ray d i f f ract ion invest igat ions.  The 

pr inc ipa l  features o f  th is  system are the use o f  a f loat  and microswi tch 

mechanis i i i  to  mainta in  a v i r tua l ly  constant  l iqu id  leve l  in  the bo i l -o f f  
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chamber, and the use of a slow gravi ty f i l l  procedure to reduce any 

pressure variat ions in the gas stream. Operat ion of the cool ing system 

at ~ 90°K requires less than 20 l i ters of l iquid ni trogen per day. 
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APPENDIX. RESEARCH PROPOSITIONS 

A l i terature search has revealed a dearth of accurate sol id state 

structural  information regarding compounds containing both si l icon and 

carbon, and concerning cyclobutane r ings, planar and non planar.  I t  would 

be of considerable interest i f  experimental  evidence were avai lable to 

establ ish that C-C distances within the cyclobutane r ing are signif icant ly 

longer than the normal C-C single bond length. Since s i lole dimer contains 

three di f ferent Si-C bond types, and a planar 4-membered r ing, i t  is 

suggested that a reinvest igat ion of this material  at  low temperatures would 

provide both worthwhi le fundamental knowledge and valuable experience in 

low temperature crystal lography. As such i t  would make a f ine " f i rst  

problem" for a new graduate student.  

A l i terature search should be made of  l iquid materials,  and these 

arranged according to simpl ic i ty and structural  importance. A systematic 

X-ray invest igat ion of single crystals grown in si tu from the melt  would 

provide a s ignif icant extension to structural  knowledge. To the author 's 

mind such a systematic invest igat ion is nowhere being pursued. 

Further structural  studies of the species [(M,X,_)Y L, ]  are 
b I  /  m b-m 

needed to determine i f  the Ta^ polynucleus is more suscept ible than the Nb^ 

polynucleus to deformation from 0^ symmetry. Also needed is more informa­

t ion regarding l igand effect on structure. Of especial  interest would be 

structural  data for these cluster compounds in al l  three oxidat ion states 

(n = 2,3,4 + ) with f luor ide as l igand. One such structural  study has been 

reported (Nb^Fj^) which has a Nb-Nb distance signif icant ly shorter than in 

the metal.  
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