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INTRODUCTION

The X-ray crystallographic method has been used in recent years to
determine more molecular structures than all other experimental methods
combined. The application of this important method of structural analysis
can be summarized in seven parts.

(1) Select and mount single crystal of appropriate dimensions. It is
not uncommon that difficulty in ach(ring sui table single crystals consti-
tutes the chief hindrance to structural analysis.

(2) Preliminary X-ray photographs. These photographs are used to
obtain approximate unit cell dimensions and to establish the space group
(if unique), or at least limit the choice of possible space groups.

(3) Data collection (raw intensities). Although film methods are
still quite common, the counter diffractometer method of data collection
is becoming increasingly employed since it offers the possibility for more
accurate intensities (perhaps 3 to 4 times) and is also readily adapted to
automated use. Whereas one may estimate ~500 intensities per day using
film methods (which is a full-time operation), it is not uncommon to collect
~1000 intensities per day with an automated counter diffractometer which
requires only a minimum of operator attention. This ease of data collection
has prompted many non-crystallographers to incorporate the X-ray method of
structure determination into their research programs.

(4) ©Data reduction (corrected intensities). This step includes at
least correction for Lorentz-polarization effects. The Lorentz correction
arises because of geometrical effects, i.e., *he crystal motion produced

by the instrument used in the data collection. The polarization



correction is necessary due to the partially polarized nature of the re-
flected 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, extinction, streak, and anomalous dispersion.

(5) Solution of phase problem and the derived structure. Although a
number of techniques are available for arrival at an appropriate trial
model (Patterson, superposition, direct methods, etc.) none is guaranteed
for a given problem. Therefore this step in the analysis may not proceed
routinely.

The general expression in trigonometric form relating corrected in-

tensities to structure factors is

cor. 2 m 2
= = +
el Fhk (jE] fj Cos Zn(hxj kyj + lzj)) +
(1)
m
2
(g f. Sin2n(hx, + ky, + 1z.))
jo1 j j j

In this expression f. is the atomic scattering factor for atom j; xj, yj,
and zj are the fractional coordinates for atom j in the unit cell, while
h, k, and 1 are the crystallographic indices for the reflection. This ex~
pression can be simplified 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) if the origin is placed at a

center of symmetry.

cor _ 2 _ m 2
bl = Frg = (jEI fj Cos Zﬂ(h%j + kyj + IZJ)) (2)



Since one does not usually know the coordinates to be used in expression
(2), another function, called 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 cell, is given in expression (3) for the special

case involving a center of symmetry.

N A hx  ky . 1z
p(xyz) = v 2% T Foyg Cos 2w ~ ot o ) (3)

-0 = "0

Only the unit cell dimensions and magnitudes of Fhkl are known from experi-
ment. In practice one arrives at an appropriate trial model (any method
that works) whose coordinates ''fix'' the phase or sign of Fhkl for each re-
flection, thus giving the electron density at each particular set of
coordinates. Successive structure factor and electron density map calcu-
lations are especially helpful in suggesting changes in the trial model.
(6) Refinement of derived structure. in recent years the method of
least-squares has been the usual approach in refinement 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
refinement step is perhaps the most routine, if not straight-forward, of
all the steps. One generally refines scale factors, as well as fractional
coordinates and thermal parameters (isotropic and/or anisotropic) for the
individual atoms, ions or molecules in the asymetric unit of the structure.
(7) Presentation of results. The final step in an analysis of a
crystal structure is the presentation of results. This presentation

usually includes observed and calculated structure factors, bond distances



and angles with associated standard deviations, intermolecular distances,
stereographic drawings showing the unit cell and individual views of fons
or molecules, and results of thermal motion analysis. These and other
details one may wish to include depending on the particular problem
involved.

Let us assume an experimental arrangement for collecting intensities
such that a counter diffractometer is employed at room temperature. Further
let us suppose that sufficient data are collected such that the estimated
standard deviation in the bond length is +0.005 R, If a 0.1% significance
level is considered valid, then a difference between two bond lengths of
greater than 0.015 R may be taken as significant. However, it is not un-
common in crystals, especially organic ones, that thermal motion causes an
apparent atomic displacement of 0.02 R or more. Since it is generally
recognized that corrections for thermal motion are somewhat approximate, it

would be beneficial if thermal motion could be minimized.
The scattering factor falls off with increasing Sin 8/) (which falloff

is due to the finite size of the electron cloud about the nucleus) as shown

by

L2 2
Fefe B Sin” o/ “)

where f and fo are the scattering factors at angles g and 00, respectively.
In this expression B is a function related to the root-mean-square ampli-
tude of vibration, often called 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 its room temperature value by cooling to 9OOK.

In addition to reducing systematic errors in the coordinates, low



temperatures allow one to collect more data, further improving statisticse.
Al though molecular parameters via the X-ray method generally have

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

should become more competitive by utilizing both counter diffractometer

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

two crystal structures and presents an experimental technique for cooling

single crystals during data collection to temperatures below 9OOK°



PART I. CRYSTAL STRUCTURE OF 1,1-DIMETHYL-2,
5-DI PHENYL-1~-SILACYCLOPENTADIENE PHOTODIMER
Introdgction

Schmidt, et al. (1-10) have advanced the thesis, called the topo-
chemical postulate, that '"'reaction in the solid state occurs with a mini-
mun amount of atomic or molecular movement.!" |t has been further suggested
that for nearest neighbor reactive center (j:c=c::) separations of greater
than about 4.1 2, solid state photo-dimerization is prevented.

Barton (11) has successfully photo-dimerized 1,1-dimethyl-2,5~diphenyl-
1-silacyclopentadiene (silole monomer) in the solid 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
( ~c=cZ) in this monomer crystal are significantly longer (~6.5 R) than
the apparent 4.1 R photo active upper limit suggested by Schmidt (3) and
indicates marked departure from his data. Lattice geometry of the monomer
seemed to favor the centric dimer, and ''spectral data does not necessitate
a 'head-to-tail' dimer nor does it specify the stereochemistry of the
cyclobutane ring" (13). Therefore, we felt a single crystal X-ray study

of silole dimer to firmly establish the path of this photo-dimerization

would be of intereste.

Experimental
Single crystals of the compound were kindly supplied by Barton.
Microscopic examination revealed that the crystals weire elongated
parallelepipeds with well-defined edges. Since there was no evidence of

decomposi tion in the atmosphere, a single crystal was selected and mounted



on the end of a glass fiber with Duco cement. Precession photographs ox-
hibited only T symmetry indicating a triclinic space group. Intensity
statistics (14) indicated the centrosymmetric space group P1, as was later

confirmed by successful refinement of the derived structure.

Crystal data

1,1-dimethyl-2,5-diphenyl-l-silacyclopentadiene photo-dimer (silole
dimer); Si2C36H36; M = 524.85; M.p. 197-8°C; triclinic, space group PT(C:);
lattice parameters at 23i3OC for the crystal used in the data collection,

= 13.137 +5, b= 11.601 + 3, c = 11.252 + 4 R, o = 95.94 + 2°, 8 = 77.91

o

+ 30, v = 116.51 + 20, V = 1500.39 23. The reduced cell in conventional

orientation (15) is: a = 11.601 + 3, b = 13.081 +5, c = 11.252 + 4 &,

@ =96.81 +3°, 8 = 95.94 + 2°, ¢ = 116.01 + 2°, v = 1500.39 R3; dpog =

1.1+ 1 g/cm3(by flotation), dcalcd = 1,051 g/cm3 for Z = 2 formula units of

Si.C..H., per unit cell; F(000) = 560; = 11.8 cm-] for Cu-Kx radiation;
236 36

color: colorless; crystal habit: parallelepiped, elongated along c direction

of non-reduced cell.
The lattice parameters and their standard deviations were obtained by a

least-squares (16) fit to 27 independent reflection angles with theta above

20°.

Data collection and treatment gﬁ data

For data collection, 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 collected at 23 + 30C utilizing a four-circle Hilger-Watts auto-
mated diffractometer interfaced to an SDS 910 computer. Using nickel fil-

tered copper Ko radiation (» = 1.542 8) all data in the four octants with



positive 1-index were recorded within a theta sphere of 550 using the sta-
tionary-crystal, stationary-counter technique. Counting times were 5 and 10
sec for the background and peak, respectively. As a check on electronic and
crystal stability, three standard reflections (600, 004, and 240) were
remeasured periodically during the data collection period. These exhibited
some unusual fluctuations which prompted us to remeasure all reflections.
The same crystal orientation was used in both data collections.

The measured intensities 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
(L =11.8 cm-]). 0f the 8133 independent pieces of data (including dupli-
cate and some multiple observations), 2215 were found to have values of
measured intensity, lo’ less than three times the standard error based on
counting statistics. These reflections were considered as unobserved and
were not included in the solution and refinement of the structure.

The estimated error in each intensity measurement was calculated by

()T = 16, + ¢, + (K, * )% + (K, * )21/ (Lp)?

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

while Lp is the Lorentz~-polarization correction. A value of 0.05 was
arbitrarily assigned to Kt and Kb, the fractional random errors in Ct and

Cb. The estimated standard deviation in each structure factor was calcu-
lated by
1/2
o(F) = [() +o(1 )] = |F,|

a function based on the finite difference method (18).



Since sporadic difficulties had been encountered in the diffractometer
system, a unique set of data was obtained by devising a model independent
statistical test for the Fo's, observed structure factors. When Fo's from
both data sets agreed within five standard deviations they were averaged,
as were the standard deviations of the Fo's; otherwise they were removed
from further consideration. Utilization of this statistical test with
subsequent averaging yielded a total of 2154 unique pieces of observed
data, as compared to a total of 2658 pieces of data prior to the test.
Although this is quite a stringent device it does appear to be justifiable
owing to the random nature of the errors involvede The arithmetic mean was

applied to the Fo's while standard deviations in Fo were calculated by

1/2

la(F )1, = (mla(F %)/

avg,

where N is the total number of terms in the summation. These standard
deviations were used during the least-squares refinements to weight the
observed structure factor, where , the individual weighting factor was

defined as 1/[a(Fo)]2°

Solution of Structure
Examination of the sharpened (19) Patterson function revealed the
positions of the silicon atoms. Successive structure factor and electron
density map (20) calculations readily revealed the remaining non-hydrogen
atom locations. These positions were then refined by full-matrix least-
squares (21) techniques with isotropic thermal parameters to a conventional

discrepancy index of R = §, llFol - |FC|l/2|FO| = 21.6% and a weighted



10

R-factor of WR = (zw(lFol - IFCI)Z/ 2w|F0|2)]/2 = 28.8% Cromer and
Waber (22) scattering factors were used with no correction for anomalous
dispersion effects. A difference electron density map at this stage in-
dicated that all non-hydrogen atoms had been accounted for, but that
considerable anisotropic motion was present. Although a significant num-
ber of the observed reflections were eliminated from the refinement as
previously described, sufficient data were still available to justify
carrying out full-matrix anisotropic least-squares refinement on all non-
hydrogen atoms (~7 reflections per variable).

Prior to anisotropic refinement, 20 reflections were noted wi th
|FO - Fc|> ZOg(Fo) and were discarded. Final anisotropic values of R and
wR of 9.0% and 12.3%, respectively, were obtained. A final electron
density difference map was calculated showing no peak greater than a few
tenths of 1 electron/83, except in suspected hydrogen atom locations.

Final values of the positional parameters for silole dimers A and B
together with the standard deviations as derived from the inverse matrix
of the last cycle of the least-squares refinement are given in Tables |
and 2, respectively. An indication of the directions and root-mean square
amplitudes of vibration for the atoms refined anisotropically is provided
by Tables 3 and 4 for dimers A and B, respectively. In Figure 1 are given
the values of Fo and Fc in electrons (x100) for the 2134 reflections used
in the final refinement. A structure factor calculation was also carried
out with the original set of 2658 reflections and gave a conventional R-

index of 14.5%. In addition, the values of Fc for reflections considered

unobserved were computed and in no case exceeded 30(F0)°
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Table 1. Final values of the positional parameters and their standard
deviations for silole dimer A

Atom X/a Y/b Z/¢c
Si (A) 0.1696 (1) -0, 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 (k)
C(4A) 0. 0096 (4 ) -0, 0424 (5) -0, 0914 (4)
C(5A) 0. 0201 (5) -0.1659(5) ~0,1279 (k)
C(6A) 0. 0887 (&) -0.1952 (&) -0. 0809 (&)
C(7A) 0.1915(5) 0.1677(5) -0, 0515 (&)
C(8A) 0.2379(5) 0.1914(6) ~0. 1744 (5)
C(9A) 0.3304(7) 0.3040(7) -0.4162 (6)
C(10A) 0.3885(6) 0.3971(7) ~0.1383(6)
C(11A) 0.3452 (6) 0.3774(6) -~0.0178(8)
C(12A) 0.2472(5) 0.2634(6) 0.0318(6)
C(i13A) 0. 1064 (5) -0.3127(5) -0.1161(5)
c(14A) 0. 0883 (5) -0.3720(6) -0.2328(6)
C(15A) 0.1062 (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 deviations in the last

digit of the parameter.
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Table 2. Final values of the positional parameters and their standard
deviations for silole dimer B

Atom X/a Y/b 1/c

Si(B) 0.5173 (1) 0.2133(1) 0.4156 (1)
c(18) 0.5562 (6) 0.1962 (6) 0.2438(5)
C(2B) 0.5878(6) 0.3885(5) 0.4580(6)
c(38) 0.5460(5) 0. 1058(5) 0. 5089(5)
C(4B) 0.4261(4) 0. 0062 (4) 0. 5691 (4)
c(58) 0.3313 (5) 0. 0346 (5) 0.5436(5)
c(6s) 0.3592(5) 0.1373 (5) 0.4728(5)
c(78) 0.6310(5) 0.1917(5) 0.5921(5)
c(88) 0.5863 (6) 0.2159(5) 0. 7122 (5)
c(98) 0.6657(8) 0.3022(7) 0. 7831(6)
c(108) 0. 7805(8) 0.3640(7) 0. 7333 (8)
c(11B) 0. 8266 (6) 0.3431(6) 0.6138(6)
c(128) 0. 7483 (6) 0.2530(6) 0.5470(5)
c(138) 0.2760(5) 0.1820(5) 0.4521(5)
C(14B) 0.1625(7) 0.1314(8) 0.5147(6)
c(158) 0.0131(7) 0.1873 (10) 0.4997(7)
c(168) 0.1262(9) 0.2883 (9) 0.4259(7)
c(178) 0.2350(8) 0.3375(7) 0.3616(7)
c(188) 0.3120(6) 0.2832 (6) 0.3740(6)

®Numbers in parentheses represent standard deviations in the last

digit of the parameter.



Table 3.

Final values of the thermal parameters and their standard deviations for silole dimer A.

The form of the temperature factor is exp(—B”h2 -

2

2

Atom

B

B2

B

33 P12 P13 Ba3
si (A) 14k (2) 14k (2) 135(1) 85(1) -59(1) -21(1)
c(1n) 218(8) 217(8) 137(5) 127(7) -66(6) - 7(5)
c(2n) 129(6) 217(8) 2L8(9) 87(6) -67(6) -31(6)
C(3A) 127(5) 152(6) 115 (4) 71 (5) -L6 (k) -19 (&)
C(kA) 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 (L) -26 (k) - 5(k4)
c(7A) 140(6) 139(6) 140(5) 82(5) -L1(5) -17(4)
C(8A) 14k (7) 162 (7) 162 (6) 74(6) -31(5) 7(5)
C(9A) 175(8) 198(9) 213 (8) 81(7) -4s8(7) 8(7)
c(104) 184(9) 220(9) 173(7) 9*(7) ~37(7) 8(6)
C(11A) 139(7) 160(8) 317(12) 65 (C) -88(8) -40(7)
c(12p) 154(7) 142 (7) 212(7) 68(6) -79(6) -32(5)
c(13A) 134(6) 145(6) 163 (6) 74(5) -1 (5) -18(4)
c(1ka) 157(7) 179(7) 192(7) 91 (6) -62(6) -62 (6)
c(15A) 174(8) 184(8) 282 (1) 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)

¢l



Table 4.

Final values of the thermal parameters and their standard deviations for silole dimer B.

The form of the temperature factor is exp(-B”h2 - Bzzkz - 533L2 - Zalzhk - 2313h£ - 2523k4)

Atom Pui P2z P33 P12 B13 P23

Si (B) 146 (2) 137(2) 141(2) 69(1) - 52(1) -9
c(is) 200(9) 233 (9) 153 (6) 118(7) - 37(6) 8(5)
c(28) 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(k)
c(uB) 135(6) 128(5) 165(6) 66 (5) - 33(5) - 8(4)
c(s8) 168(7) 152 (6) 163 (6) 82(5) - 47(5) -30(5)
c(68) 164:(6) 157(6) 143 (5) 88(5) - 54(5) =33 (4)
c(78) 169(7) 136(6) 152(6) 74(5) - 63(5) - 9(k)
c(88) 213 (8) 169(7) 155(6) 101 (6) - 73(6) ~31(5)
c(98) 209(9) 182 (8) 205(8) 77(7) - 91(8) -23(6)
c(108) 229(10) 160(8) 270(11) 84(7) -135(9) -10(7)
c(118) 192 (8) 174(7) 188(7) 92 (6) - 94(7) -27(6)
c(128) 150(7) 156 (7) 204(7) 61(6) - 65(6) - 1(5)
c(138) 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(158) 201 (9) L45(19) 171(8) 194 (11) - 62(7) -23(10)
c(168) 236(11) 336 (14) 175(8) 197(11) -104(8) -70(8)
c(178) 229(10) 207(9) 249(10) 137(8) =121(8) -48(7)
c(188) 210(8) 195(8) 201(7) 117(7) - 98(7) -27(6)

7l



Figure 1. Comparisons of the observed and calculated structure
factors (in electrons x 100) for silole dimer based
on the parameters shown in Tables 1 - L
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Description and Discussion of Structure

The unit cell contents of crystalline Si2C36H36 (silole dimer) is
illustrated (23) in Figure 2. All atoms lie in crystallographic general
positions with the cyclobutane ring of each dimer positioned 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 facilitate comparisons. Although
the cyclobutane has planarity dictated via the center of symmetry, ths
least-squares plane through the silacyclopent-2~ene ring (Tables 5 and 6)
shows that this ring is only approximately planar which is to be expected
because one of the double bonds of the silacyclopentadiene has been de-
stroyed on dimerization. The dihedral angles between the cyclobutane ring
and the least-squares plane through the ring of silacyclopent-2-ene are
about 1190 in both dimers.

Examination of the crystal packing arrangement of silole monomer
reveals that the phenyl group (D] in Figure 5) is rotated counter-clockwise
approximately 12° with respect to coplanarity with the five-membered ring.
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 five-membered ring are 30o and 130 in dimers A and
B, respectively. This difference is probably due to packing forces.

The C(3)-C(7) distance and the two C-C distances within the cyclobutane
ring are 1.49, 1.59, and 1.57 R’ respectively, in dimer A, while these three
distances are 1.54 R in dimer B. This probably indicates a significant

difference between the dimers, although inaccuracies in the data militate



Figure 2, A stereoscopic view of the silole dimer unit cell. A right-
handed coordinate system with the origin in back lower left
corner with X-axis toward the viewer
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Figure 3. A stereoscopic view of silole dimer A
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Figure 4. A stereoscopic view of silole dimer B
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Table 5.

Equations of some important least-squares planes and distances (R) of atoms from these

planes for dimer

A

Plane 11

Generated from

Equation

1 C(3A), C(LA), C' (BA), C!'(4A) 0.037X +0.913y -0.4052Z -0.0 = 0.0

2 plc(78) - c(12a)] -0.617X +0.786Y =-0.037Z +0.614 = 0.0

3 P{C(13A) - c(18A)] 0.892X +0.208Y =-0.401Z =-0.570 = 0,0

b Si(A), c(BA), c(LA), c(5A), C(6A) -0.633%X -0.188Y +0.751Z +0.680 = 0.0

5 C(3A), €(5A), C(7A) 0.725X -0.642Y +0.249Z -0.849 = 0.0

Distances from Plane in 8
Name () (2) (3) (4) (5)

SiA -1.670 -1.978 0.660 0.031 1.769
C3A 0. 000 -0.137 0. 446 -0.067 0. 000
c'3A 0. 000 1.365 -1.586 1.428 -1.698
chkA 0. 000 0.349 -0.326 0. 056 -0.868
c'LA 0. 000 0.879 -0.815 1.305 -0.830
C5A -1.162 -0.808 -0. 424 -0. 005 0, 000
Cé6A -2.063 -2, 009 0.010 -0.040 1.293
C7A 1.116 0. 04 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
C]oA 3005‘ "000]7 L"e38‘+ -306""5 0028]
Cl1A 2.397 0. 006 3.593 -2.459 0.495
CI2A 1.402 0. 001 2.269 -1.233 0.385
C13A -3.207 -3.202 -0.011 -0, 148 2.214
clhA -3.112 -3.228 0. 008 -0. 743 1.856
Ci5A -4.190 -4,357 -0, 004 -0.840 2.736
C16A -5.369 -5.496 0. 001 -0.389 3.999
C] 7A "501+l+8 -50465 -00 OOL,' 0. l 89 40353
C18A -4.375 -4.343 0. 009 0.282 3.476

Ui



Table 6.

Equations of some important least-squares

planes for dimer B

planes and distances (R) of atoms from these

Plane

Generated from

Equation
1 c(3s), c(B), c'(3B), C'(4B) 0:542X =0.396Y +0.741Z =-9.207 = 0.0
2 plc(78) - c(128)] -0.195X +0.928Y -0.317Z +45.750 = 0.0
3 plc(i138) - c(188)] 0.4h6X +0.480Y +0.756Z =-5.589 = 0.0
L s(s), c(38), c(uB), c(58), C(6B) 0.238X +0.566Y +0.,789Z =~4.702 = 0.0
5 c(38), c(58), c(78) 0.067X +0.879Y -0.471Z +4.390 = 0.0
Distances from Plane in R
Name (1) (2) (3) &) (5)
SiB -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 -1.1445 -1.650
chB 0. 000 -0.295 0.416 -0.031 -0,858
c'L4B 0., 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
c78 1.154 0. 00L 2.147 1.278 0. 000
c88 1.821 0.015 3.214 2.482 -0.286
c98 2.804 -0,020 L.502 3.613 -0.182
clos 3,035 0. 005 L,693 3.535 0.249
cliB 2.371 0.015 3,653 2.356 0.559
ci12B 1.455 -0.020 2.382 1.236 0.387
ci3B -3,258 3.345 0.013 0.203 2.304
cikB -3.397 3.359 -0. 002 0.459 1.898
C158B -4, 489 L,650 -0,012 0. 741 2.908
C'6B "50296 5. 77] Oo 0]5 0- 753 40‘98
C]7B _50199 50 777 "'00 003 O-L{'B 406]1"
C]8B -L"o]59 40535 -0-0]] Oo]83 3.649

gz



Figure 5. A perspective view of the silole monomer packing arrangement.

The view corresponds to a right-handed coordinate system

with the origin in the back lower left corner and X-axis
horizontal
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against forcing this conclusion. However, using mean values gives

1.56 + 1 R for the C-C distances in the 4-membered ring, and 1.51 + 1 A
for C(3)~C(7), which are in substantial agreement with the distances for
1,2,3,k-tetraphenyl-cyclobutane as reported by Dunitz (24). Likewise, the
mean Si-C distance of 1.88 + 1 R is in substantial agreement with values
accepted (25) for this bond type. Selected interatomic distances and
angles (26) for the two independent dimers are provided in Tables 7 - 9
while equations of some important least-squares planes and distances of
atoms from these planes are given in Tables 5 and 6.

Schmidt (3) has emphasized the importance of short nearest neighbor
reactive center (::C=C::) separations in photo-dimerization processes,
noting that in either "o-or B-lattices', characterized by centers of
symmetry and lattice translations, respectively, reactions failed to pro-
ceed if these separations were greater than ~ 4.1 R. Therefore on this
basis, the silole dimer constitutes a violation of the topochemical postu-
late as formulated by Cohen and Schmidt, because photo-dimerization pro-
ceeds through a double bond center to center separation of ~ 6.9 R and
does not occur ''with a minimum amount of atomic or molecular movement' (1).

Our results indicate that other factors in addition to closeness of nearest

neighbor reactive centers are important.
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Table 7. Selected interatomic distances® in silole dimers A and B, both
uncorrected and corrected for thermal motion

Silole Dimer A Silole Dimer B

Atoms uncorrax corrob R Atoms uncorr.x COrre. R
Si (A) - C(1A) 1.89 1.91 Si(B) - ¢(IB) 1.91 1.93
Si(A) - C(2A) 1.85 1.89 Si(B) - c(28) 1.88 1.90
C(3A) - si(A) 1.91 1.92 Si(8) - c(38) 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(38) - C' (4B) 1.54 1. 54
C(LA) - C(5A) 1.51 1.51 c(8) - c(58) 1.51 1.51
Si (A) - C(6A) 1.87 1.87 Si(B) - c(68B) 1.85 1. 86
C(6A) - C(5A) 1.31 1.32 c(58) - C(68) 1.37 1.37
C(3A) - C(7A) 1.49 1.49 c(38) - ¢(78) 1.54 1.5k
C(7A) - c(8a) 1.39 1.41 c(78) - c(88) 1.41 1.43
C(8A) - C(9A) 1.37 1.39 c(88) - c(98) 1.41 1.42
C(9A) = C(10A) 1.37 1.37 c(9B) - c(108) 1.37 1.37
C(10A) - C(11A) 1.36 1.38 c(118) - c(108) 1.40 1.40
C(7A) - c(12A) 1.41 1.43 c(78) - c(12B) 1.38 1.40
C(11A) = c(12A) 1.43 1.45 c(12B) - c(liB) 1.38 1.39
C(6A) - C(13A) 1.49 1.49 c(6B) - Cc(138) 1.48 1.48
C(13A) - c(14A) 1.43 1.45 c(138) - c(14B) 1.38 1.40
C(14A) - C(15A) 1.39 1.42 c(148) - c(158) 1.50 1.51
C(15A) - C(16A) 1.43 1.43 c(168) - c(158) 1.34 1.35
C(16A) - C(17A) 1.43 1.45 c(1és) - c(178) 1.35 1.36
Cc(13A) -~ c(18A) 1.42 1.44 c(138) - c(188) 1.38 1.41
C(18A) - C(17A) 1.38 1.41 c(178) - c(188) 1.44 1.46

A1l distances have standard deviations of + 0. 01 R.

bThe riding model was used to correct for thermal motion, the second
atom assumed to ride on the first.
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Table 8. Selected interatomic ang]esa in silole dimer A

Atoms Angle, Deg Atoms Angle, Deg
C(2A) ~ Si(A) - c(6A) 112 €(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(37n) 114 C(8A) - c(7A) - Cc(3A) 123
C(6A) - Si(A) - C(IA) 116 C(12A) - C(7A) - C(3A) 120
C(6A) - Si(A) - C(3A) 9 C(9A) - C(8A) - C(7A) i2:
C(1A) - Si(A) - C(3A) 112 C(10A) ~ C(9A) - C(8A) 122
C(7A) = C(3A) - C(4A) 118 C(1TA) ~ C(10A) - C(9A) 117
C(7A) - c(3A) - C' (L4A) 118 c(1oAa) -~ c(11Aa) - c(12A) 124
C(7A) - C(3A) - Si(A) 110 C(7A) - C(12A) - c(11A) 117
C(4A) - C(BA) - C' (4A) 88 C(18A) ~ C(13A) - C(14A) 120
C(A) - C(3A) - Si(A) 104 C(18A) ~ C(13A) - C(6A) 120
C' (kA) - C(3A) - Si(A) 115 C(14A) - C(13A) - C(6A) 120
C(5A) - Cc(4A) - C(3A) 111 C(15A) = C(14A) - C(13A) 19
C(5A) - c(4A) = c' (34) 121 C(14A) - C(15A) - Cc(16A) 121
C(3A) - c(kA) - C* (3A) 92 C(I5A) - C(16A) - Cc(17A) 120
C(6A) - C(5A) = c(LA) 120 C(18A) - C(17A) - C(16A) 119
C(5A) - C(6A) - C(I3A) 123 C(17A) - ¢(18A) - C(13A) 122
C(5A) - C(6A) - Si(A) 110

%Estimated standard deviations in all angles are (+ ]o)a
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Table 9. Selected interatomic anglesa in silole dimer B8

Atoms Angle, Deg Atoms Angle, Deg
C(28) - Si(B) - c(6é8) 113 c{(138) - c(68) - si(B) 127
c(28) - si(B) - c(18) 109 c(88) - c(78) - c(128) 120
c(28) - Si(B) - c(3B) 14 c(88) - c(78) - c(38) 119
c(68) - si(8) - ¢(18) 113 c(128) - ¢(78) - c(38) 121
c(6B) - si(8) - C(3B) G c(9B8) - c(88) - c(78) 17
c(is) - si(B) - c(38) 115 c(108) - C(98) - C(88) 120
c(78) - c(38) - c(48) 118 c(1ie) - c(io) - c(98) 124
c(78) - c(38) - C' (48) 117 c(loB) - c(118) - c(128) 116
c(78) - c(38) - si(B) 109 c(78) - c(12B) - c(11B) 123
c(4B) - c(38) - c* (4B) 92 c(188) - ¢(138) - c(148) 119
C(48) - c(38B) - si(B) 106 c(188) - c(138) - c(68) 119
c' (48) - c(3B) - Si(B) 115 C(14B) - Cc(13B) - c(68) 122
c(58) - c(48) - c(38) 11 c(158) = C(148) ~ c(13B) 120
c(s8) - c(48) - c' (38) 120 c(14B) - ¢(158) - c(168) 118
c(38) - c(4B) - C'(38) 89 c(158) - c(168) - c(178) 123
c(68) - c(58) - c(4B) 120 c(188) - c(178) - c(168) 120
c(58) - c(é8) - c(138) 124 c(178) - c(188) - c(138) 120
c(58) - C(6B) - Si(B) 109

Estimated standard deviations in all angles are (+ lo).
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PART 11. CRYSTAL STRUCTURE OF H2Ta6C]]8-6H20

introduction

A number of compounds have been reported of the type [(M6X]2)Ym
L6-m] (n-m)+ where M=Nb, Ta; X=halogen; Y=halogen, L=neutral electron do-
nating ligand such as H?O; m=number of Y groups, and n=charge on the M6>(]2
unit. As reported by Burbank (27) and verified by structural information
for a number of M6X]2n+ containing compounds (27-33) the complex ion M6X‘2n+
with n=2,3,4 appears to exist as a structural principle in all polynuclear
subhalides of the above type, with the tendency to coordinate additional
ligands in an octahedral pattern in the solid state. Burbank has further
concluded that although four negative ligands consistently coordinate
to flatten the M6 polynucleus, two negative ligands lead to elongation
of the M6 polynuclieus, and six negative ligands give rise to an undistorted
equilibrium symmetry.

Since the chemistry of polynuclear subhalides is still in its forma-
tive stage, we felt that structural information of another M6X]2n+ con-

taining compound would be of interest. Therefore we undertook an X-ray

study of H2Ta6C]]8°6H20 for which n=l.

Experimental
A sample of the compound was kindly supplied by Dr. R. E. McCarley
and dark red crystals were obtained by recrystallization from a hydro-
chloric acid solution through which chlorine gas had been passed. Micro-
scopic examination revealed that the crystals were octahedral with sharply
defined edges. Crystals were selected and mounted in thin-walled Linde-

mann glass capillaries to prevent decomposition in the atmosphere. Pre-
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liminary precession photegraphs exhibited m3m symmetry indicating a cubic
space group. The conditions limiting the possible reflections were hkl
when h+k=2n, hhl when 1+h=2n(C, 0kl when k+l=bn, (k,1=2n)C¥, and hkl when
h+k+1=2n+1 or 43, These conditions are consistent with space group
Fd3m(0z). The unit cell parameter at 23i3oc is a = 19.92+] R, as deter-
mined by a least-squares fit to 13 independent reflection angles whose
centers were determined by left-right, top-bottom beam splitting on a
previously aligned General Electric XRD-5 counter diffractometer (Mo Ka
radiation, A = 0.7107 R). The unit cell was assumed to contain eight
molecules of H2Ta6C]]8'6H20 Jeading to a calculated density of 3.08 g/cm3
which is in reasonable agreement with the expected value.

For data collection, a crystal having approximate dimensions 0.10 x
0.10 x 0.086 mm along the a, b, ¢ crystal axes, respectively, was mounted
such that the 0,086 mm axis was aleng the spindle axis.

Data were collected at room temperature (23 + 30 C) utilizing a
General Electric XRD-5 diffractometer equipped with a scintillation counter
and using zirconium filtered molybdenum Kx radiation (A = 0.7107 R).
Within a two theta sphere of 500, all data in 1/6 of an octant (h = k = 1)
were recorded using the 8 - 28 scan technique with a take-off angle of
30. A symmetric scan range of 3.330 in 20 was used and stationary-
crystal, stationary-counter background counts were made at each end of
the scan. Counting times for the latter were 20 sec, if 208 2 15° and
40 sec if 28 < ISO. The scan rate was ZO/min. A total of 365 refiections
were measured in this way.

As a general check on electronic and crystal stability, the intensi-

ties of three standard reflections (642, 911, and 800) were remeasured
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periodically during the data collection period. These reflections de-
creased slowly in intensity, the total decrease being about 6.5 during
the entire period of data collection; such a decrease was considered quite
acceptable and the data were appropriately corrected.

The intensity data were also corrected for Lorentz-polarization
effects and for effects due to absorption. The absorption coefficient,
(1, is 194.49 cm-], and an absorption correction was made using a computer
program by Wehe, et al. (3%). The maximum and minimum transmission factors
were 26.6% and 29.4% respectively. Of the 365 measured intensities, 214
were found to be above background, (i.e., greater than three times the |
standard error based on counting statistics) and therefore considered
as observed. The unobserved reflections were not used in the solution

and refinement of the derived structure,

The estimated error in each intensity measurement was calculated by

)2 2

o (1017 = 1o, + sty + (K0 )7 + (K wue,)? v (KT ) 2/ (AiLp)
where J is 5/2 or 5/4 depending on whether background counts were measured
for 20 sec or 40 sec, respectively, and where Ct and Cb are the total
count and the background count, respectively. Also Cr = Ct - J*Cb, A

is the transmission factor, and Kt’ Kb, and Ka are the fractional random
errors in Ct’ Cb’ and A, respectively. A value of 0.04 was arbitrarily

assigned to Kt’ Kb’ and Ka. The estimated standard deviation in each

structure factor was calculated by

I
o(F ) = [(1) +a(1)1® - |F|,
a function based on the finite difference method (18). These standard

deviations were used during the least-squares refinements to weight the

observed structure factors where m, the individual weighting factor,
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Table 10, Final values of the positional parameters and their standard
deviations® for H2Ta6CI!8-6H20

Atom Position X/a Y/b Z/¢

Ta L8f 0.23016(7) 0.125 0.125
Cl(term.) L8f 0. 35606 (46) 0.125 0.125
Ci(bridg.) 969 0.12543(47)" z/c 0. 24526 (22)

@Numbers in parentheses represent standard deviations occurring in
the last digit of the parameter.

bThis bridging chlorine position is within a standard deviation of
the symmetry fixed position, 0.125.
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was defined as l/b(Fo)z.

Solution and Refinement of Structure

Examination of the Patterson function readily revealed trial positions
for the tantalum cluster. The positions were then refined by full-matrix
least-squares methods with isotropic thermal parameters to a conventional
discrepancy factor of R = T||F_| - [F_||/z|F | = 0.135 and a weighted
R-factor of wR = (Zm(IFol - IFC‘)2/2w|FO]2)%-= 0.143. The scattering
factors used were those of Cromer and Waber (22) with modifications for
the real and imaginary parts of anomalous dispersion (35).

A difference electron density map (36) at this stage showed that
apparently all atoms had been acczounted for, but that some anisotropic
motion, particularly of the heavier atoms, was quite evident.

After adding the ten anisotropic thermal parameters allowed by
symmetry (37), there were a total of 15 parameters to be varied and
therefore, 13 reflections/variable. Therefore, full-matrix anisotropic
least-squares refinement was considered justified,

Final values of R and 3R of 0.053 and 0.055, respectively, were
obtained. Even though no oxygen atoms had been added to the refinement,
a final difference electron density map was calculated and exhibited no
peak above one electron/x3 in any chemically reasonable position. There=-
fore, the water molecules were assumed to be disordered.

In Table 10 are given the final values of the positional parameters,
along with their standard deviations as derived from the inverse matrix
of the last cycle of the least-squares refinement. In Figure 6 are given

the values of Fo and FC in electrons for the 214 reflections above back-



Figure 6. Comparison of observed and calculated structure factors (in
electrons) for H,Ta,Cl ,:6H,0 based on the parameters shown
N 276718 2
in Tables 10 and 11



Wy X N X - R

Vo nwy =X SPLrrOOX

NNNNMOWM W X cOPSNR

cPENO R

H= 1
L FO FC
1 2186-2577
H= 2
L FO FC
0 1598~1482
H= 3
L FO FC
1 839 ~T46
1 249 =279
3 Q69 -676
H= 4
L FO FC
0 1434-1382
2 688 -682
0 712 -602
4 650 871
H= §
L FO FC
1 434 342
1 535 ~518
3 841 805
1 689 738
3 1052 971
5 1225-1152
H = 6
L FO FC
0 319 349
2 1265 1273
0 392 505
4 1792-117%8
H= 7
L FO FC
1 1248 1240
3 708 785
1 316 317
3 G499 -965
5 1113-1126
1 343 389
3 543 ~547
5 765 764
7 327 212
H = 8
L FO FC
0 3409 3622
2 665 -713
0 450 -594
4 958 =927
6 761 762

@ w

T

WO OVWODO NN~ Y~ X

H

b s bt
CooCm®OPPNX

=
OOV OVIO~N~N~dVLYW X
X

- s et
e el

11
H

K
0

0 2346 2375

8 1690 1%83
= 9
L 0 FC
1 1861-1960
1 775 ~T48
3 111 -~44
1 410 414
3 288 =272
5 492 478
1 1079 1106
3 219 =144
5 43 108
T 506 490
1 1562-1593
3 769 =711
5 475 442
T 990 <960
G 1376~-133%
= 10
L Fn FC
0 1675~-1739
2 147 100
0 862 894
4 418 431
2 1097-1098
6 459 449
0 1686~1768
4 481 475
8 1269-1230
=11
L FO FC
1 1011 -981
1 268 287
3 258 246
5 314 288
1 655 =609
3 152 134
5 31% =209
1 881 -896
3 329 218
5 115 135
T 456 =430
9 827 -806
1 516 6521
3 194 178
5 110 =70
7 242 =195
9 479 472
1 341 324
= 12

L Lalo] FC
0 1165-1226

@O HN

10

10
12
12

VO VO INY~NLM WX

y—
NPOOOENDPON SN

-

x

"
Wt O N AWE = O NVTWwr O Uy W W U s e

-

38

-

82
371
420
795
749
212
404
422

62
636
258

88
187

12

FO
346
127
360
313
510
667
453
582
399
344
139
234
116
333
209

71
167
128
188
180

73
265
351
322

58
142
148

H = 14

PNoODHPOoNnSdONO -

53
834
299

1163~
169
563
416
364
211
315
224

&6
399
404

=790
-731
~266
~-382
408
-20
581
303
63
-164

FC
322
-149
351
314
508
-650
-454
-579
380
334
-69
205
-7
343
157
28
148
-101
163
-160
110
262
-363
-297
59
43
-19¢4

FC
69
795
422
1122
-178
567
416
322
171
290
-544

12 10 42 25
14 0 305 3262
14 & 777 -778
14 B 440 447
14 12 384 =396
H =15
K L (sl FC
1 1 308 308
3 1 294 290
3 32 695 681
5 1 460 451
5 3 A28 -R03
5 5 925 -900
7 3 581 -549
7 5 673 686
7 7 320 285
g 1 319 356
9 6 257 292
9 9 364 349
11 3 256 2857
11 5 391 =372
13 3 450 =451
13 S5 529 -519
13 7 393 403
12 13 299 -296
15 3 477 -492
15 5 560 585
15 7 406 403
H = 16
K L FO FC
0 0 1192 1219
4 0 184 191
4 &4 1015-1022
6 2 474 -494
6 6 832 830
8 0 806 rOL
R & 323 1346
8 8 6520 497
10 2 256 -2%4
10 10 442 -436
12 0 183 -88
12 &4 463 =494
14 2 388 =401
14 6 670 615
16 0 162 203
16 4 405 448
H 17
K L F0 FC
1 1 780 -773
3 3 258 -241
s 3 315 =371
5 5 470 486
7 1 410 411
7 5 241 243

L e Ll d
NOmoNO X g 00 0N X

- R

[ 3l B

—_ N0 D Yy e

X
OmphbONOODr

I I ETV R R o

oONnmONOMT

-

®

[}

685
231
355
669
313
372
253
150

18

910
488
610
910
218
682
197

19
FO
619
255
317
580
268
347
485
396
355

20
FQ
785
299
553
380
419
354

21
FC
340

22
FO
239
210
369

23
FQ

327

24

310

-674
-226
272
-%99
-358
-343
273
100

FC
-913
490
-€06
-950
234
-679
234

FC
=646
295
~355
-581
276
=335
=521
377
329

FC
-022
312
-569
=376
412
339

FC
309

FC
180
51
=351



Table 11. Final values of the thermal parametersa and their standard deviationsb

for

Atom Position Bll 522 633 B]Z 513 623
Ta L8t 172(5) 193(3) 522 0.0 0.0 L(5)
Cl(term.) L8 f 213(26) 337(20) Bogy 0.0 0.0 13(35)
Cl(bridg.) 969 314(20) B33 203(9) 613 28 (14) -29(12)

®The form of the anisotropic temperature factor expression is exp[-(B”h2 + ﬁzzkz + 53312
+ ZBlzhk + 2613h1 + 2523k\)].

Numbers in parentheses are standard deviations occurring in the last digit of the parameter.

6¢
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ground, The values of FC for unobserved reflections in no case exceeded
3G(FO). An indication of the directions and root-mean square amplitudes

of vibration for the atoms refined anisotropically is provided by Table I1i.

Description and Discussion

The unit cell of crystalline HZTa6CI]8-6H20 showing only the Ta6CI]8=
anions is illustrated (23) in Figure 7. The tantalum and terminal chlorine
atoms lie in positions of mm crystallographic symmetry, while the bridging
chlorines lie on mirror planes. The effect is to give a cell consisting
of eight distinct and regular octahedral Ta6C]l8= anion clusters (0h
symmetry), with 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 well as others related to these by the center
of symmetry. Also there are 'holes' (~ 9 R diameter) in the structure
with 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), plus others related to these by the center of symmetry.
This arrangement of tantalum clusters and 'holes' is that of two inter-
penetrating diamond type lattices, respectively. The Ta6C]]8= ion cluster
is stereoscopically shown in Figure 8.

Comparison of van der yaals! contacts between clusters and intra-
cluster distances is provided in Table 12. Bond lengths, both uncorrected
for thermal motion and corrected using the riding model approximation
are given in Table 13. The terminal Ta-Cl distance of 2.507 + 9 R is
significantly longer than the bridging Ta-Cl distance of 2.414 + 5 R,
and such a lengthening is in agreement with other polynuclear subhalides
(29-33). The Ta-Ta distance of 2.962 + 2 R as well as bridging and ter-

minal Ta-Cl distances in the Ta6C]]8= cluster compare favorably witli the



Figure 7. A stereoscopic view of the packing of Ta6Cl] ~ anion clusters in the
unit cell. The view corresponds to a right-ﬁanded coordinate system
with the origin in the front lower left corner with the X-axis horizontal
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Figure 8. A stereoscopic view of the Ta6Cl]8= anion cluster
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Table 12. Comparison of van der Waals contacts between Ta C]l8

. ; a
clusters and intracluster distances ,

associated standard deviations

and their

Length, R Length, g

Atoms Between in Same

Clusters Ciuster
Cl(term)-Cl (bridg) 3.675(0.006) 3.250(0.008)
Cl(bridg)-Cl(bridg) 3.671(0.013) 3.384(0.017)
Cl(term)~Cl(term) 5.007(0.003) 6.499(0.017)

a . .
All distances are uncorrected for thermal motion.

b . R .
Numbers in parentheses refer to the standard deviations in the last

digit.
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Table 13. Comparison of bond lengths using the riding model approxima-
tion to the correction for thermal motion

Length, R Length, R
Bond (Uncorr) (Riding-Motion)
Ta-Cl(term) 2.507(0.009) 2.519(0.009)
Ta-C1(bridg) 2.414(0.005) 2.421(0.005)
Ta-Ta 2.962(0.002) 2.962(0.002)

a \ . .
Numbers given in parentheses refer to the standard deviations
occurring in the last digit.

bSecond atom assumed to ride on the first.



](n-m)+

Table 4. Compilation of some distances® in [(M6X‘2)YmL6_m

Compound d(M-M), R d(M-x), R d(M-v), R d(x-x), R

2.805 b

Taglyy (28) 3. 080 2.90 2.754 3.785

TagCl,,*7H,0 (27) 2.96

Tagll, g (29) 2.925 2.434 2.564 3.408

H,TagCl g*6H,0 2.962 2.414 2.507 3.384
'2.895 b

NbcCl,, (30) 2 955 2.915 2.407 2.58 3.385

Ku(Nbéc‘ls) (31) 2.915 2.49 2.596 3.47

NbgF) o (32) 2.80 2.05 2.11 2.89

[(CH3)4N]2Nb6Cl‘8 (33) 3.02 2.42 2.46 3.40

L

a .
All distances refer to average values,

bTetragonal flattening.
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structural data about other [(M6X]2)YmL6_m](n-m)+ species, as indicated

in Table 14, A comparison of the results in this table shows that there
is a consistent lengthening of the M-M distance upon oxidation of the
M6X]2n+ cluster. The M-Y (terminal) distance is also shortened upon
oxidation of the M6X]2n+ cluster and is shorter than one would expect
after equilibration of the intracluster repulsion forces due to
lengthening of the M-M distance. Our results appear reasonable in view

of molecular orbital studies of the M6X]2n+ species (38, 39). Infrared
spectra of these polynuclear subhalides with n = 3,4 have been interpreted
on the basis of tighter binding in the M-Y (terminal) bond (40).

It would be reasonable to assume that the six waters and two protons
reside in the approximately 9 £ tholes! in the structure, but with no
preferred ordering. This would account for the fact that there were no
peaks found on the difference map above a value of 1 electron/RB, although
no oxygen atoms had been included in the structure factor calculation.

In (HNb6I8)3+ (41), the hydrogen atom was found to reside in the

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

similar position for the proton in this case,.
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PART 111. A TECHNIQUE FOR COOLING SINGLE CRYSTALS
BELOW 909K FOR X-RAY DIFFRACTION
Introduction

in recent years a number of low temperature systems for single crystal
X-ray diffraction investigations have been reported in the literature. The
recent systems have in general incorporated elaborate electronic level
controlling devices or some type of pressure control to maintain constant
pressure of the outflowing gas (43, 44). These systems have the disadvan-
tage of having a large number of components and tend to be expensive. We
have developed a crystal cooling apparatus that incorporates many of the
features of systems recently developed, but uses a level controller con-
sisting of a float and microswitch arrangement in a miniature Dewar and

et ot
ariacions,

a gravity feed intermediate Dewar system to reduce pressuie vari

Description and Operation

The apparatus consists of three Dewars and associated electronics as
shown in Figure 9, Liquid nitrogen is boiled from the small Dewar to
provide the cold gas stream for cooling the crystal. The small size of
the Dewar allows placement of this vessel close to the crystal and per-
mits the use of a short delivery nozzle which is usually positioned 2-3 mm
from the crystal. The miniature Dewar is silvered except for a narrow
strip along the side which permits inspection of the components inside.
A heater (wire wound resistor, 2508), 10W) is used to provide the constant
flow of cold gas via boiling liquid nitrogen. As the liquid level in the
miniature Dewar falls, a microswitch is triggered and a magnetic valve

is energized which permits liquid nitrogen to gravity-feed from the inter-



Figure 9. Diagram showing miniature Dewar and auxiliary apparatus
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Figure 10. Diagram showing details of miniature and intermediate
Dewars
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mediate Dewar to the small Dewar (Figure 10). A small float is used in
triggering the microswitch. By using such a float we find that the liquid
nitrogen level in the small Dewar can be kept constant to with + 5 mm.
Since the level is kept constant and since refilling takes place by a
gravity mechanism, the gas pressure remains essentially constant and hence
a fine temperature control can be attained.

The intermediate Dewar is refilled from a 50 liter supply Dewar. A
commercial electronic level controller (Cryogenic Associates, Inc.) is
used to trigger the refilling action, although other devices could also
be readily employed for this purpose. As the liquid level falls below the
thermistor (level sensor), the level controller energizes a solenoid
valve and liquid nitrogen flows for a preset time from the pressurized
reservoir (2 PSI). |If a malfunction occurs (i.e. empty reservoir, micro-
switch failure, etc.) a safety relay turns off the system.

We have found, as have Abowitz and Ladell (43), that a fine mesh
stainless steel screen (400 x 2500 mesh, Unique Wire Weaving Co.) placed
over the inlet hole of the delivery nozzle prevents powdered ice particles
which are often in the liquid nitrogen from being carried along in the
gas stream to the crystal. Ice formation at the cold gas exit can be
effectively eliminated by using a resistance heater attached around the

exit by means of a silicone adhesive (General Electric Co.).

Results
The temperature of the cold gas stream was monitored by means of a
copper-constantan thermocouple placed approximately 2 mm from the exit

point, outside the delivery nozzle. The thermocouple wire leads were run



Figure 11. Gas temperature at outlet of delivery nozzle versus
consumption of liquid nitrogen
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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 controlled by either of two methods: (1) the rate of cold
gas flow can be varied, or (2) the amount of current in a heater placed
in the delivery nozzle can be varied. Figure 11 shows result§ obtained
with the first method, It should be noted, as would be expected, that the
first method does not give fine temperature control except at higher flow
rates. Therefore we generally operate in the second mode, use a higher
flow rate (e.g. 850 mi/hr) and use the nozzle heater (open helix of re-
sistance wire) to maintain temperatures at the crystal to within + 0.5%

of the desired temperature between ambient and -1920C.

Discussion
Although fine temperature control is not essential for low tempera-

ture data collection (45) it is ponetheless a very desirable featurs,

especially if one wishes to grow single crystals in situ from the melt at
temperatures below room temperature. By maintaining essentially a constant
liquid level and by using a gravity-feed instead of a pressure-feed mechan-
ism, we have obtained fine temperature control; yet our system is relative-
ly inexpensive compared with other systems, particularly those which
control the pressure of the effiuent gas directly (43).

The small size of the miniature Dewar permits its being positioned
directly on a diffractometer. in the course of a recent Investigation

at ca. —187OC liquid nitrogen was consumed at the rate of less than 20

liters per day (46).
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SUMMARY AND CONCLUSIONS

The crystal structure of 1,1-dimethyl=-2,5-diphenyl-1-silacyclopenta-
diene photodimer (silole dimer) has been determined, and the counter
intensity data have been refined by anisotropic least-squares analysis.

The silole dimer molecule contains a completely planar cyclobutane ring

via the center of symmetry. The mean C-C distance within this 4-membered
ring is 1.56 R and is probably longer than the normal C-C single bond

length. The mean Si-C distance is 1.88 R, Elucidation of the structure

of silole dimer establishes the path of approach producing the photoproduct
as being between two photo active monomers related by a screw axis with a
reactive center distance of ~ 6.9 2. The principle feature of this reaction
system is that it constitutes a significant departure from the ''topochemical!
postulate as formulated by Cohen and Schmidt.

The crystal structure of H2Ta6CI]8'6H20 has been determined, and the
three-dimensional scintillation counter data refined by anisotropic least-
squares analysis. The structure is cubic and consists of Ta6C]]8= anion
clusters of 0h symmetry, which pack in a diamond type lattice. The Ta-Ta
distance is 2.962 R. The terminal Ta-Cl distance 2.507 R is significantly
longer than the bridging Ta-Cl distance of 2.4l4 R,

An efficient and inexpensive method of cooling a crystal to low
temperatures and maintaining fine temperature control at the crystal has
been developed for single crystal X-ray diffraction investigations. The
principal features of this system are the use of a float and microswitch

mechanisim to maintain a virtually constant liquid level in the boil-off
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chamber, and the use of a slow cravity fill procedure to reduce any
pressure variations in the gas stream. Operation of the cooling system

at ~ 90°K requires less than 20 liters of liquid nitrogen per day.
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APPENDIX. RESEARCH PROPOSITIONS

A literature search has revealed a dearth of accurate solid state
structural information regarding compounds containing both silicon and
carbon, and concerning cyclobutane rings, planar and non planar. It would
be of considerable interest if experimental evidence were available to
establish that C-C distances within the cyclobutane ring are significantly
longer than the normal C-C single bond length. Since silole dimer contains
three different Si~C bond types, and a planar L-membered ring, it is
suggested that a reinvestigation of this material at low temperatures would
provide both worthwhile fundamental knowledge and valuable experience in
low temperature crystallography. As such it would make a fine ''first
problem'! for a new graduate student.

A literature search should be made of liquid materials, and these
arranged according to simplicity and structural importance. A systematic

X-ray investigation of single crystals grown in situ from the melt would

provide a significant extension to structural knowledge. To the author's
mind such a systematic investigation is nowhere being pursued.

] (n-m )+

Further structural studies of the species [(M6X]2)YmL6_m are

needed to determine if the Ta6 polynucleus is more susceptible than the Nb6
polynucleus to deformation from 0h symmetry. Also needed is more informa-
tion regarding ligand effect on structure. Of especial interest would be
structural data for these cluster compounds in all three oxidation states
(n=2,3,4+ ) with fluoride as ligand. One such structural study has been
repor ted (Nb6F]5) which has a Nb-Nb distance significantly shorter than in

the metal.
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