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Microwave Spectrum and Nonplanarity of Cyanamide 
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Microwave transitions of the isotopic species H,NCN, HDNCN, and 
D2NCN have been obtained and assigned. A number of vibrational satellites 
are observed in each case. The origin of these is considered, and it is concluded 
that the equilibrium configuration about the amino nitrogen is pyramidal 
and that there is a low-lying molecular “inversion” level. A vibration-rotation 
perturbation in the case of DzNCN indicates that for this molecule the level 
is about 15 cm-1 above the ground state. 

I. INTRODUCTION 

A number of molecular structures have been proposed for cyanamide at 
various times but not, until recently has there been definite experimental evidence 
from which structural decisions can be reached. Even now t’hat there is evidence 
from infrared (1) and nuclear magnetic resonance (6) studies for the form 
H&CT\’ in the solid and liquid phase and microwave spectroscopic evidence (5) 
t,hat the same structural formula applies t’o t,he gas phase, the co-existence of the 
form HK-CPU’H in small amounts cannot be excluded with certainty. A struc- 
t,ural feature of particular interest is whether or not tjhe configuration of the 
C-KHz group is planar or pyramidal. The interest is accentuated by the recent 
finding (4) for formamide of a nonplanar equilibrium configuration with a low 
barrier (~370 cm-‘) hindering inversion. In the present microwave study of the 
species H2NCK, D&C% and HDKCN, tjhe ground-state rotational constants 
previously reported (3) have been confirmed and numerous sat,ellite lines of 
the J = 2 +- 1 transitions have been considered in some detail. It is concluded 
t,hat these require the equilibrium configuration of t,hc C-KHZ group to he 
nonplanar, and that the inversion splitting is much larger t’han in ammonia but 
somewhat smaller t,han in formamide. Evidence to support t,his view is provided 
by some transitions of dideut,ero-cyanamide which indicate departures from 
rigid-rot,or energies, and it is suggestSed that a perturbation of the t#ype discussed 
by Lide (5) occurs in this case. 
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FIG. 1. Schematic representation of near symmetric triplet structure of the J = 2 + 1 
transition for the ~1 = 0 and u = 1 st,ates of HyNCN. 

Itf would not he the case for a molecule having a “rigid” pyramidal configurat,ion, 
i.e., if t,he inversion levels were not, resolved. For both of t,he possible cases, if 
the. vibrational levels are numbered successively v = 0, 1, 2, . . , states of even 

u have statistical weights of 3 for odd K, and 1 for even K levels. For states of 
odd 21, t,he stat’ist,ical weights are reversed. 

It follows that the most, intense line in each of t,he K = 1 sub-groups is to be 
assigned t,o the vibrational ground stst,c as in the first column of Table I. The 
triplet, centered about, the very st,rong line at 39,958.2 Mc/sec is then assigned 
to the v = 1 level, for which t#he K = 0 levels have stat>istical weights of 3. The 
oh$ervation of a higher intensit,y for this vihrat,ional satellite t,han for the ro- 
t,ational tran&ion belonging to tht ground vibrational state implies a Boltzmanu 
factor in excess of 4,;; so that the separation FB, - W, bet,w-ccu the 11 = 0 and 
v = 1 levels is certainly less than 250 cm-l . Approsimatc relative intcnsitics of 
the two lines indicat,e TV1 - W0 is unlikely to be great,er t#han about’ 150 cm-‘, 
and the possibility that) IV1 - TV” z 0 is not excluded. This is too low a value 
to be assigned to any KCS vibrat,ional modes; infrared (1) and Raman (6) 
studies have led to suggested values of 429 and 513 cm? for the KCN bending 
modes. It, appears therefore that, the most, intense transition of the 202 + lo1 series 
is to be assigned to the /I = 1 level of the NH, out,-of-plane wagging vibration. 

The question arises as to whether or not the remainiug triplets labelled v’ and 
# in Table I are to be att,ributcd to higher states (11 = 2 and 3) of the NH2 
wagging mode. There are indications that t#hey are probably not to bt FO assigned. 
The infrared spect,rum of liquid cyanamide shows a baud at 638 cm-l, which 
shifts on deutcrat#ion to about, 5-E cm-‘. Davies and Jones (1) have assigned 
t,hese frtquencics to NH, and ED, out-of-plane wagging vibrations, respectively. 
Since the int,erval between 21 = 0 and u = 1 has been shown in this work to be 
much smaller than 638 cm-‘, t,he infrared t,ransit’ions presumably terminate on 
the 11 = 2 level. These highly anharmonic spacings suggest a double minimum 
potential fuiict,ion in which the potential hump centered about the planat 
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configuration is smaller than in ammonia, where it is about 2000 cm-‘. A lower 

hump is in accord with stabilization by resonance bet’ween the struct,ures 
HZ-C&S and H&=C=N-. A similar resonance stabilization is associated wit,h 

the low barrier t,o inversion in formamide. 
It is reasonable therefore t,o t,hink of the potential function for the SHr 

wagging vibration as a parabola centered about the planar configurat,iou on 

which is superposed a small symmetric potential hump.’ The high vibrational 
Ic\-cls will be harmonically spared, while the lower levels are perturbed by t,he 
potential hump. The magnit)ude of the harmonic spacing is determined by t,he 
reduced mass for the vibration and by t,he parabolic+ constant (we nvo’d the 
term force constant because we are discussing t)he situation for very large, not, 

infinitesimally small amplitudes ). The parabolic constant) for cyanamide is 
expected to be no less t,han that, for ammonia; iu fact, the effect, of conjugatiou 
between the lone pair of elect,ronx on the nit,rogeu atom and the ?r elec‘trous of 
the (:=S group will t,end to oppose o&of-plane bending and so increase the 
paraboli(a constant. The smaller reduced mass in cyanamide will also teud to 

iucreasc the harmonic spacing. It seems very unlikely, t)hen, that the harmonic* 
spacing in cyanamide is appreciably less than t.hat in ammonia, which is kllowlj 

to be about’ 475 cm-’ (8). Since the perturbing pot,ential hump must inc~rcuse t,he 
interval het,ween ~1 = I and 1’ = 2 above t’he harmonic value, we cau set a COII- 
scrvativc lower limit of 17.5 cm-’ for t)he energy difference It’, - V1 . 

These arguments suggest very strongly that, the P = 2 level of the SH:! wagging 
vibratiou is 500 cniC’ or more above the ground state; the infrared hand at (i:S8 
(‘111 ml cau thus be reasonably assigned as the 1’ = 0 -+ 2 transition of t.his vi- 
brational mode. While it is difficult to make accurate measurements of relative 
intensities in the microwave spectrum of cyanamide, both the satellite hues 
1” and 1”’ are definitely too st.rong to arise from a state as high as ~38 cm -I. 
Thcrcfore the states 21’ aud 0” do not, appear to he associated wit,h the high(>l 
levels of the KH, vibrat,ion. The only rcusonahle possibilit,y remainiug is that 

they are states in which ow cluantum of an IX;<3 bending vihrat,iou is excited. 
Thr lower of these bending modes has been assigned (I‘) a5 129 cm”-‘, which 
h>ads to qualitative agreemeut with the observed intcusitics. We shall thcrrforc 
assign the satellite lines lahclled u’ to t)hc state in which the XC’N bendilkg morla 
is Gngly c>xrited but the SH2 wagging is uucxcited, while 11” is the statt‘ iu \vhirh 
both these modes are singly excited. This particular cshoic*c is made it) ordtbr to 
tiatisfy the qualitative relative intcnsit,ies of the P’ aud P” lines (since the NC‘S 
t)rndiug mode must belong to specaies B, or 8, the statistical weight pattcxrll \\rilI 
tx, r(>versed from that of thr ground state). 

This asnignrnent for 2” and 11” is also supported by the observed rotational 
cY~llstnnts. It may be seeu from Table I that t,he changes AH and AC on goillg 

from P’ to P” are similar to the changes from L’ = 0 to u = 1. _l similar but weaker 

’ The similar potential funct.ion for :mnnonia is illustrated in Tonnes and Schawlon- (7). 
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pair of lines is expected for the st’ates in which the other NCN bending mode 
(reported at 513 cm-‘) is singly excited. There are a few additional very weak 
lines in the neighborhood of those listed in Table I, but it has not’ been possible 
t’o make any assignments. All other vibrational levels (including, according to 
the above arguments, the levels of the KHz wagging vibration with v > 1) will 
not be sufficiently populated to give readily detectable satellites. 

A number of other lines in the spectrum are assigned as &-branch transitions 
between K = 1 levels as in Table II. Some of these transitions show indications 
of fine structure, which presumably arises from nitrogen nuclear quadrupole 
coupling. No such structure was resolved for R-branch transit#ions listed in 
Table I, though some of the lines had under normal conditions of observation a 
halfwidth approaching 5 Mc/sec, which limited the accuracy of frequency 
measurements to about 0.5 Me/see. Within this accuracy the value of B-C’ 
obt’ained from Table II is in agreement with that obtained from Table I. 

Numerous ot’her lines were also observed throughout the spectrum. Their 
origin has not been established but it, is likely that they belong to the rotational 
fine structure of the v = 1 +- 0 t,ransition. 

III. DIDEUTERO-CYANAMIDE 

As in ordinary cyanamide lines belonging to J = 2 + 1 transitions have been 
observed. The more intense of t,hese are listed in Table III, and again relative 
intensities within each sub-group are indicated. 

In this case, unlike that of HJSCS, t,he lines do not fall int#o obvious sets of 

TABLE II 

Q-BRANCH TRANSITIONS FOR HzNCN 

Trans. Freq. (Mc/sec) B - C” 

716 + 717 7384.82 263.70 

9490.48 

817 + 818 
9491.29 
9493.00 

I 263.67 

9493.77 

161,15 + 161.16 

27,676.O 

1 27,G78.6 

31,627.4\ 
31,630.6( 

35,841.7\ 
35,844.4! 

263.59 

263.57 

263.55 

a Calculated from mean frequency of pattern. 
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The most, likely candidat,e for assignment, as the K = 0 trunsit’ion (2v2 +- 101) 
in the P = 1 Ptate is the line at, 35,809.7 MC/WC. If t,his is correct it, means that 
the mean frequency of t,hc K = 1 lines has been shifted by an amount’ 6v = 
+13 Mv/:Yw. Awording to Eq. (26) of the preceding paper (S), this shift’ is to 
he identified approximately wit,h 

Although the rot,ationnl constant d has not, hten experimentally determined 
we can estimat)e that A -(B + C’)j2 is roughly 5 cm-‘. The const,ant#s & and 
eel involve integrals over the vibrational eigenfunct,ions of the double-minimum 
potentjial and are therefore very difficult to estimate. However, we know that 
perturbations of t’he u = 0 state, which depend upon the quantity 
IV1 - W0 -[A -(R + C’)/2] are of the order of 1 M(*/sec or Iew. In order that 
this lx consistent with the 13 Mc/sec shift in the /I = 1 state, the difference 
IV1 - IV0 must be very close t,o 3[s - (R + C) /2], or about 13 cm-‘. A more 
detailed calculation fhows that whatever the values of do, and eel , WI - TV0 is 
very likely to he in the range 1.525 cm-‘. The choice of any other ohscrvcd line 
for assignment to the 202 + lo1 transitjiou would require IV1 - TV,, to be even 
closer to 15 cm-l. 

If we accept this value of about 15 cm-’ for the “inversion splitting” IV1 - IV0 
in D&CK, an analogy wit’h formamidc suggests t’hat 76’, - IF’” in H,NCS is in 
the range 30-100 cm-‘. This c&mate is not, iwonxistent with any other cxperi- 
ment,al evidence. The present interpretaGo appears to he the only feasible one, 
but the data are too limited for it, to he regarded as final. It could be caonfirmed 
by a study of higher rot,at,ional t’ransitions, particularly K = 2 transitions in the 
D = 0 st,atc, but this involves coneiderablc experimental dificwlty. 

Even if the details of the present int’erpret,ation are not entirely corrrct, the 
mere existence of a strong perturbation iu the spectrum of D&CX proves that 
the interval W1 - IV0 is very small. If the KD, wagging vihrat,ion were described 
by a Phallow parabolic potential without a hump in t,he planar configuration, a 
very large number of low-lying levels would be expected. The failure t,o observe 
such a rich satellite sprct,rum Fhows c~onclusively that, the equilibrium con- 
figuration of cyanamide is nonplanar. 

There are in fact a number of other weak satellite J = 2 +- 1 lines besides 
those listed in Table III, but it has not, been found possible to suggest an assign- 
ment analogous to that given for H&CX in Table I. Some of the lines fall into 
near symmetric triplets, bllt others cannot, be fitt#ed into a simple pat,tern The 
difficulty possibly arises because some of the satellit,es originate from vibrational 
states having one quantum of the KU, wagging vibrat,ion, as well as one quantum 
of some other vibrational mode; these lines might suffer a prrturhation of t,hs 
t,ype d&cussed above. 
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TABLE IV 
FREQUENCIES ANU ROTATIONAL CONSTANTS (IN MC/SEC) FOR HDNCS 

Trans. 
-__ .- 

2,? + 1 11 
202 6 10, 
2 ,I - 1,” 

B 
c 

:’ Unresolved. 

‘i’ = 0 a=1 

37,375.J 37,384.7 
37,723.?+ 37,723.g” 
38,069.l 38,056.8 

9604.0 9598.2 
9257.1 9262.2 

MOMENTS OF INE:RTIA FOR ~1 = 0 STATES (amu AZ) 

H,NCN D,NCX HDNCN 

II1 49.9083 55.2173 52.6375 

I, 51.2407 57.8179 5i.6101 

IV. 1LZONODE~TERC)-C’~A~~4MIDE 

The skongest members of the J = 2 +- I transitions are list)ed in Table I\*. 
In this case it appears that the Zwj +- lo1 transitions for the 11 = 0 and 11 = 1 
states have not’ been resolved. h single very strong central line is observed from 
which two symmetric triplets can be formed with the K = 1 transitiotw as 
shown in Table IV. The assignment of the same value of R + C’ for the 11 = 0 
and IJ = 1 stat’es is not unreasonable in view of the corresponding changes ill 
R + C found for H?XCK and D,KCX’; for the former the change is - l(i.0 and 
for the lat,ter +(i.O XIc;sec. Which of the triplets belongs to the vibrational 
ground state is not established with certainty but relative intensities suggest the 
nssignmellt in Table IV. 

(Only a limited amount of stnwtural information can be obtained fITJIll the 
two moments Ih and 1< (Table V) which have been determined for each species. 
It is convenient to begin by referring the coordinates of the hydrogen atoms iI1 
H?K(‘?; to the principal axes of the SC’S group, which have been chosen as 
shown in rig. ,’ (ry is t,he molecular plant of symmetry ). The inertia matrix for 
H?XL’C?i is then readily obtained by following 
wed hg Iiraitc~hman ( 9 ) : 

a procedure malogous to that 
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FIG. 2. Coordinate system for cyanamide 

2, y and x refer to t,he coordinates of the hydrogen atoms in the chosen frame, 
I” is the moment of inertia of the linear NC% group and p = 21,&,&f/ (IIf + 2mH), 
M being the mass of the NCN group and llzH the mass of a hydrogen atom. ,4 
similar matrix is obtained for DZNCK. By equaGng the root which is factorized 
out in each case to the observed intermediate moment, 1:” or 1:” for H,NCN 
and D2NCiX, respectively, we obt,ain 

J” = /(IF” - plFH)/(l - p)], where 

,, = (,k&,,/!,l,) [(jr + 21)&)/(di! + 2??2,)]. 

50 assumption about molecular planarit’y is made in deriving t,his expression, 
and consequently conclusions about t,he NCN structure based on 1’ are not 
dependent on the NH, geometry. The value for lo, which is found to be 44.056 
amu h2, does not allow a determination of unique rCN and rcX’ distances. Pairs 
of rcN and rCNf values which arc compatible wit’h I” have been calculated for 
various assumed dist,ances d of the carbon atom from t’he center of mass and 
are listed in Table VI.’ It is seen that the nitrogen-nitrogen distance is close to 
2.507A independent, of structural assumptions. Since Czr\; distances are usually 
in the range 1. 1551. 1.60. A, we may conclude t#hat, rCN’ is about, 1.35 A. 

By using the complete secular determinants for both H,?JCN and D,NCK it is 
in principle possible (if a rigid-rotor model is valid) to determine X, y, and z, 
and so by finding whether or not, g = 0 to decide for or against planarity. x is 
readily obtained as a fun&on of y from the isolated roots which may be equated 
to 1:” and 1:“. But it is formd that for no pair of x and y values is it possible 
to choose a value of z which will satisfy the 2 X 2 determinant’s for both HZNCN 
and DJXCS. Exact solutions for reasonable values of x and x require imaginary 
values of y. The nearest. approximate solution in real values is provided by a 
planar structure with .r = 1.752 A and y = 0, for which z is found to be 0.803 
and 0.813 according t,o whether the value for 1:” or 1:” is sat,isfied. For a planar 

2 The shorter &stance, rCN, is clearly to be associated with the C = N bond. 
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TBBLE VI 
VALUES I?OR I‘CN AND TCN~ IN CYANAMIDE (1~ A) 

d I’L‘N ICY’ F&x’ 

II 1.954 1.254 2.508 

0.02 1.225 1.282 2.507 
0.04 1.196 1.311 2, xi 
0.05 1.182 1.325 2.507 

0.06 1.167 I .339 2 506 
0.07 1.152 1.354 2 ,506 

struct,ure z is obtained directly from 

[(I,“” - p/2,11”] = [(IF” - /gD).‘am,] = 2. 

For a nonplauar st,ructure, it can be shown that 1, - Ib is given approximately 

by 

HH I, - 1;” = t)l& - pus + ( p2x2,/,2 l [I” + pu(s’ - !j?)] 1. 

I’rom these expressions it can be shown that for a rigid structure 

[U<FH - /:H)l12111H] - [(I?” - rgD) Qrn,] 5 0. 

The observed momeuts lead to a positive value ( +O.Olci A’ ) for t#his expression. 
Evidently the effect of zero-point motion is sufficiently important to prevent 
an estimate of the deviat’ion from molecular planarity by the use of I, aud Ib 

\‘I. ESPERIMEKTAL 

The main features of the mic*rocvave spectrometer employed in this work have 
already been described (IO). The sample of cyanamide was introduced to the 
cell through a small vacuum line which was sarrouuded by an oven mnint,ained 

at about .SO”C t,o achieve sufirient~ vapor pressure. The absorption ~11, which 
consisted of X-hand copper waveguide with a Teflon-supported St,ark elect rode, 

was heated to about 75°C by a 180-watt, t)ape heating element, insulated by glass 
wool and lagged wit,h asbestos and corrugat)ed paper. Ifica windows were fit ted 
to the cell by O-rings. To avoid any possible effect due to decomposition. cyaua- 
midc ww allowed to flow t’hrough the cell continuously. 

Cyanamide was prepared from a commercial sample by first, rerrystallizing 
from a 1 :2 et,her-benzene mixture aud then by stlblimation in vacua at about 
‘70°C (mp 4ti”C). The deut,cro-cyanamides were prepared by cxchallgc with 
dellterium oxide. Samples were found to be stable for several days if kept ~ultlcr 
vacuum al or below room temperature. 
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Note a&&d ~TL proof’: In a recently reported investigat’ion of the H&CN 
spectrunl [G. P. Shipulo, Optics and Sp&roscopy 10, 288 (l!Xl)] it was con- 
cluded that cyanamide has a Cy?U equilibrium configuration. However, t’he pro- 
posed interpretation of the satellite lines is inhercnt’ly unreasonable and is in 
conflict with the infrared results. We feel that the evidence strongly supports 
the interpretation present#ed in the present paper. 

RECEIVED: bIay 31, 1961 
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