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T+ THF CRYSTAL STRUCTURE OF TISOCYANIC ACID
Werner C, von Dohlen and Gene B, Carpenter
ABSTRACT

Tsocyanic acid is orthorhombic space group Fnme,
Unit cell dimensiors are a = 10,82, E 5.23, ¢ = 3,57 &.

. FILE COPY

“‘”’ 'zz:and the cell contains 4 molecules. HEvdrogen bonds are
F““wither very weak or albzent,
C«¢u mkm_ 1, INTRODUCTION

The structure of the HNCO molecule in the vapor is well
known, Our chief interest lay in finding the pattern of
hydrogen btonds expected in this relatively simple situation,
Furthermore 1t was remotely possible that the solid might
be composed of cyanic acid molecules, HOCN, rather than
isocyanic acid moleculss, HCNO,

References to earlier work on the vapor and a description
of ovr prelimirarv experiments and results are cortained in
Annual Report No, 1. These results included the two possi-
bilities for the space group. the approximate unit cell
dimensions, and the number of molecules per unit cell.

2. EXPERTMENTS

The density of so0lid isocyanic acid was measured at
about ~195°C, A 1liquid sample was frozen slowly up tc a mark
in a pycnometer, the excess ligquid was purped off, and the ¢

pycnometer was sesled and welghed at room terper=ture.
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(The sample of' course polymerized irside.) The resulting
value was 1.41 g./cce This verifics that the number of
rolecules per uhit cell is 4.

When a crystnl of 1socvanic acld iIs grcwn in a capillary,
1t 1s olw~ys orlented eith the ¢ axls nearly parn~llel to
the axis of the carillarv. Tn order to obtatr x-rav dife

fraction photograrhs with a different orientation, a crystal
was erown slowly around a hend ir a bent carillary., In
this way the [10%} direction was brousht parnliel to the
axls of rotation. A series of photogrnphs was thenr pre-
pared; the crystal, however, broke up gradually into sever-
al smaller, almost parallel crystals during the course of
the experirent, so that the quality of the photoesraphs was
not 2s hich 2s that of earlier sctse It was still possible
to extract valuable informetion frorm them.

(n several occasircrng powder pntterns with fiber-like
partial orfentatior were obtained, These appreared to be
of two differert kinds,

3, DETEPMIVATTON Q7 ™HF STRUCTUPRE

More detniled ard exhausitlive rcasurements on the

%-ray records yielded thc following morc accurate values of

the unit cell dimensions:



a=10.82, b= 5.25. 2 = 3.57A all + 0.024.

The density calculated from thege dirensions with the
assumption of four molecnles per unit cell is 1,414 p./cc.,
in agrecement with the measured value 1,41 g,/cc,

The oscillation photorrarhs werc irdcxed by graphical
me thodse. Intensities were then estirated by the multiple-
film technique., Our measurcments irdicated that the film
factor -- the ratio of the intemssity on onc film to the
intensitv on the f1Im behind it -- had the valvwe 4,4 for
Kodak Yo - Screen film and CuK_ radiation at normsl incldenceo
These irtengitics were reduced to structure factor values
by the usual methods. Vslucs have been mecasurcd for 153
of the 255 structure factors accessible with CuK rndiation;
a2 further 72 werce too weak to observe on the vhotcgraphs,
and 30 could not be exsmined in thesce expceriments,

The first stcp ir determinire the atermic ~rrancement
wes the cnleculation of the Pattersor vrojcction Pluv).
™is vector man rcvealed 2 hich corcerntration of renks
nlone the 19res v =0 and v = &, and ro apnrecinsble peaks
hetween, This ndicntes thot all ~toms lie in counidistant
rar~llel l-overs separ~ted by %_. at least to a rood approxi-
mation. Thls pattern results antoratically fro~ the jyossible

spacce group Pnma but could occur conly as a sorewnat sur-



4,
prising coincidence if the other possible space group,
Pnzla‘ were correct,

A relativelv sensitive., althouch only qualitative,
test of the deviation of the molecules fror these rlanes
was carricd out as fellows. If the molecules 1lie in these
parallel planes, then (as it works out) the structure
factors for fixed indices h and £ should be the same for
all even values of the indecx k (except for thc normal
decline with incrensing scattering engle) and separately
the same for nll odd values of k. The structure factor
values were arranged to enabdlc this prediction to be
tested, ~nd it was qualitntively verificd, Thus it is
concluded that the rolecules c~n deviate only slichtly, if
at 111, from the ~irror plones,

The space grovp Pnma ther rcquires thnt the y~coor-
dinnte of all ~toms he cither 1/4 or 374 (ir fractions of
the b cell edge), and packing conslderatiors rcquire that
all utors in one molecuic have the same y-coordinate. The
choice between thecsc values amounts rercly to the cholce
of origin of the nnilt celly, so that all y-coordinntes were

chosen tc be %. S1x additiornl coordinntes are then needed

to define the rositlons of the threce atoms (other than hydro-



gen) in one molecule; thc positions of the other molecules
are then determirced by syvmmetvy,

The next stecp was to atterpt to choosc the v..rce x-~
coordinates so as to eive interatomlc vectors satisfying
the Pattcrsor rrojection P(uv). The Mret cholice was then
refined by thc usual Fourier method. in the xy plane. . The
electron density projecction ﬁny) showed threc atoms clearly,
and also two smnaller peaks which werce believed to be
spuriouss However thc masnitudes of the structurc factors
FhkO calculated for this structure wcre in only fair agree-~
ment with the messurcd mapritudces; the usuval discrepancy
factor was ~bout 35%, Conscquently it had to be concluded
that thls structurc wns erroncous.

A sccond tri-~l structure was quickly found which
anpeared to be in =l1chtly better aprcement with the
Pattersor proiection, The Fourlcr rcfirement procedure was
followed neeoin. and this time the discrepsncy factor reduced
smoothly to n reasonable vnluc,

The ncxt step was the construction of a sccond Patter-
son projccXion, P(uw), Compurison with P(uv) showed that
the x-coordinrtes previously found had to be changed to

£-x in cach casec; this ~mounts only to cianging the origin
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frem one symmctry element to snothcer and rcpresents oniy
making a choicc bectween two alternatives that could have
been deduced from P(uv).

The approximate structure is then defined by the

parameters in Teble T.

Teble I
’ Atom
Coordinnte " N C 0
X 0.064 0.169 0.269
v 0 250 0.250 0,250
2 0.118 0.216 0,328

In order to tecst the genernl corrcctncss of this
structurc, the complcte set of structurec factors was cal=-
culatcd for comparison with the obscrved values, The
numerical part of these calculations was kindly performed for
us by the Office of Statistical Secrvicecs of thc Massachusetts
Institute of Technology. The agrecment was qunlitatively
vcrv eood., Tn ordcr to ~nke a ocunntitative ~omparison, it
was necessory Ko detirine the best scnle factor for the
obscrved magnitudes (sincc orly relative valucs were measurcd)
oand the bcst temperature factor for the calculated mrgnitudes.,

The slightly elliptical shape of thc ntoms in the Fourier
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projectiors indicated that an anizotrepic temperaturc
factor was rcouircd, which ‘nvolves 3 adjlustable parameters.
Thecse 3 raramc ters ard the scale factor were detcrmined
si»ultaneously bv a least-sguarcs treatrent of observed
apd cnleninted (hk0O) and (hOf) structure factor rﬂgnitudcsf
The introduction of these paranct.rs then ylelded o dis-
crepnncy factor of 17.1% for the complecte set of structure
factors, omitting thosc¢c whigh were not obscrved. This
value 1s sufficicntly good to Insure thc general corrcctness
of the structurce It will he ncecessnry in the future work
to reke oniy small adjustments in the atomic positions to
arrive st the structurc in best arrcement with the total
datna,

4, DFSCRIPTTON N TUF STRICTIRE

The arproximate structurc detcrrine” as described pre-
sents the follow!re picture, The HHNCO molecules are
arranecd in irfinrite zig-zag chains running throueh the
crystal parallel to a, These chains l%e In the mirror
planes of Pnma perpcndicular to b. The chains tncn pack
together silde by =ide to form plon¢ shcets In these mirror
plenese These shccts finally stack togecther to form the

complete crystal; the oricntation of the welecules nlong



& alternatces In adjacert shcets,

Important distances and angles are:
N -C = 1.19 A C = Neu'sO = 1599
C -0 =1,.15 NeesO = C = 164°
NeeoO = 3,20

The intramolccular distarces are sirilar to those found

in the isolated rolecuvle (in the vapor), The surprising
feature is the lone (3,21 X) hydroeen bord and the awkward
ancle (159°) th~t it mekes with the axis of the molecule.
Both features indicate that it iz rmuch wecker than was
cxpectcd, and may not cven justifiably be called a hydrogen
bornd &t all. L1f; om the othey hand, the molecule were In
the cyanic acid form HOCN the anglc (164°) is even more
awkward.

The hydroecn atom 1tsclf has »ot wvet becen locatecd in
anv Fourler vrojection; 1t mav be dlsccrnable In a scction
of » 3 dimecnsioral Fouricr synthcses,

The only suggestion thot car rnow be offercd for the
absence of strong hvdroren bond runs ns Tollows. Strong
hydroeen bonds mast certainly be forred 1f one infinite
chain of isocyanic ncid molccules 1s forrmcd. Then when these

chains pnclt togrther, the van der wanls attractions between
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ad jacent chains producc a sufficicnt distortior of the
cha’n to weanken grontly the hvdroeren bond. A drawlne of
the strueture with van der Waals r~dii for thc atems mokes
this apiecar plausible,

A mrore extensive discussiocn of the structure will not
bec justified until the rcfinement is completed.

Evidcnce for the cxistocnce of another solld modification

is accumulating, but rothing is known of 1ts structure.
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II, THE CRVESTAL, STRUCTURE OF CYANOGEN CHLOFIDE

Robert B, lleiart and Gere B, Carpenter
. ABSTRACT
Qyanogen chloride 1is orthorhombiec, space group probably
n. Unit cell dimensions are a = 5.68, b = 3,97, and

o]
= 5,74 A and the cell contalns 2 molecules. In the tentative

jo

structure, the molecules are parallel to ¢; then the molecules
must be pressed closer toscther along ¢ than would be
expected from van der VWanls cortects,
1., IMPRODUCTION

Cvanceen chloride. C1CN, seems an attractive material
to studv bv the same low terper=ture techniques developed
for isocyanic acid. Althcugh there can be no hydrogen-
bending, therc 1s reason to expect that exceptionally strong
forces act between the Cl atom of one moleculc and the K
ator of another; such an attraction 1s ir sorme ways analogous
to a hydrogen bond. Evidence for this comes fror studies of

1)
-~

(
cyanogen lodlde; Townes and Dailey '™’ found, from nuclear
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(1) CsHs Townes and R.P, Dalley, J. Chem. Phvs. 20
35 (1952)

quadrupole coupline studies thrt the bord character differs

ir the sclid frem that in the vapor: Ketelanr and Zwartsen-
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(2)

berg found, fror a crystal structure determination, that

(2) JJA.A, Ketelaar and J.¥W, Zwartsenberg. Rec, Trav,
Chim, 58, 448 (1939)

the T of one moleccule lies very near the N of another mole-
cule, ~-arer than would be cxpected for a rormmal van der

Waals contact. But the I°*°*°N distancc in ICN cninot be

observed x-rav diffraction. Thus C1CN, with its sraller

helopgcrn atom, furnishes a rood test and extension of these

idease
2, EXPERIMFETS

A 30 ml, sarvle of cyanogen chloride” was purified by

3#The materinl was eiven to us b IPr., D.J. Berets of the

Americar Cysnimid Corpanry.

distillation cver zlrc powder, agitatior with zinc oxlde,

and a2 final distillation throurh 2o drying tower containing
phosphorous pentoxide. This process wns dcsigned to remove
Cl

Heél, HCN, and H, 0, which wecre believed to be the most

i 2

likely irpurities.
Small portions were distilled into capillaries, which

were tlien secled off with the body of the capillary Irmersed
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in liquid nitrogen, The coplllaries were les~ than 0,05 cr,
in Interncl diameter,

Such a ClCMN-fillcd capillary was fasterned to the gonilo-
meter hend of « Unicam rotntion-oscillation x-ray c-rera. The
sample wns then frozen bv a Jet of cold nitrogen as wns
describcd in Annual Report No. 1s. Fy frcczine the ssmple
slowlv, and by running throuegh cveles of partinl mclting
nnd refrcezing, thc samrle could be converted ‘nto whet
"preared to he a sircle crrstal ir some rcgior of the
conillory,

A serics of x-rav photorrarhs was then prepeprcd at
-30°C. with the well-crystallized porticer of the sample
rotatine or oscillating In the x-rav benm, An irproved
film holder held the fiim in place arcund the crystal,

The crystalsusually pgrcw with the scme crystal direction,
named ¢, parallcl to the axis of the eapillary. Rotation
and oscillatior rhotographs wcre obtalned from two crystqis.

The densits of s0l1d C1CN was mcesurcd by n pycnometric
reti.~rds the value i1s 1.55 mo/cce nt about -30°C,

3. RFSULTS
Althouegh both crvstnls eave rontatior photeoeraprhs 1like

that from = perfcctly-oriented singlc crvstal, analysis of
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the oscillation photosraohs showcd that, in btoth cases, the
"erystnl" was in fact comprised of several smaller crystals,
ench with 1ts ¢ axis parnllel to thc axls of rotntion, but
with various oricntations of thc 2 and b axes. Thus wher the
/Z=»o reciprocal ksttice rct was constructed, 1t turncd out
that at le~st threec main erids werc necessarv to indcx all
the reflections.s Corsiderable informnticn was, however,
obtained from these photographs,.

The CLCN crvstal 1s orthorboxbic with a = 5.68, b = 3,87,

(o]
and ¢ = 5474 A, The unit ccll volume and the measured

density corrcspond to 2 C1CN moleculcs per unit cell. The
systematic absences indicatecd the probable space groups to
be Pmmn ~nd Pm?ln.

Intensities were measured visuelly by the multiple-filnm
technigues In order to reduce absorption corplications,
each (hky) !ntensity value was the sum of the intcnsitics
measured for each observed mcrmber of the form {hk(; for
all thesc crystal fragments. Structure factor raenitudes
were corputed from the intensities ns usunl,

A Patterson projecction P(uv) wns then constructed, It
exhibited perfectly round peaks only, in a centered array.

This indicatcs that the molecules arc pcrpendicular to the
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plane of this projection, 1.c., parallel to ¢c. This In
turr Indicates that the nroper space proup 1s Pmmn since
this ~rraneccment arises ~utomnticallv in that srace rcroup
but could arise only by accident In szln.

Yow the expectcd length of the C1CN molecule corputcd

(3)

from 'auling's’“‘bond lengths and van dcr Waals radii, is

(3) L. Pauling, "The Naturc of the Chcmrlcal Bond",
Corncll, 1945,

6.21 Z. If the tent~tivec structurc descrelbed nbove is
Indeed corrcct, then the length of the molecule iIn the
crystnal is only 5,74 K. Thus 1t ropcars that the predicted
shortening due to strong bindine between adincert molccules
1s realized in the crvstal,

Furthcr work 1s becing dirceted toward workirg out the

preclse positions of the atoms s2long the ¢ axis,
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