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Mass-Spectrometric Study of Photoionization. VIII. Dicyanogen and the 
Cyanogen Halides* 

VERNON H. DIBELER AND SUSAN K. LISTON 

Institute/or Basic Standards, National Bureau 0/ Standards, Washington, D. C. 

(Received 3 July 1967) 

Photoionization-yield curves are obtained for the molecule and selected radical ions of C2N2, FCN, CICN, 
BrCN: and ICN from threshold to 600 A. ~ibrationally excited states of ions and autoionization of Rydberg 
levels m the molecules are observed and dIscussed briefly. The X+ ion thresholds in the heavier cyanogen 
halides are used to obtain: All/0° (CN) = 101.5 kcal mole- i , AH/oO(CN+) =430.0 kcal rnole- i , and I(CN) = 
14.2 eV. These are applie? to cornp~te AH/oO(FCN) =5.6 kcal rnole- i , D(F-CN) =5.0 eV, ICC:) =12.15 eV, 
and other thermodynamIc properties. The formation of CN+ from dicyanogen apparently includes about 
0.6 eV excess energy near the threshold. 

INTRODUCTION 

The heat of formation of the cyanogen radical and 
its relation to bond dissociation energies in dicyanogen 
and other cyanogen compounds has been the subject 
of several recent studies. Berkowitz,! using a mass 
spectrometer to analyze the vapor in equilibrium with 
graphite and nitrogen at high temperature, obtained 
AHjoO(CN) = 109±3 kcal moie-I which results in about 
145 kcal mole-l for D(NC-CN). This is identical with 
the results of an earlier study by Knight and Rink2 

who measured total gas density of shocked samples of 
dicyanogen. The agreement, together with a re-exami
nation by Berkowitz of some previous studies, notably 
electron impact,3-6 resulted in a considerable degree 
of confidence in the value. Almost simultaneously, 
however, Tsang, Bauer, and Cowperthwaite7 had pub
lished another shock-tube study of the dissociation 
energy of dicyanogen with the result, D(NC-CN) = 
125±8 kcal mole-I, from which we may calculate, 
AHjoO(CN) =99±8 kcal mole-t , Although in agree
ment within the combined large uncertainties, Tsang 
et al. posed interesting criticisms of the earlier "high" 
value for D(NC-CN) . 

In view of the considerable uncertainty remaining 
in the above, we have re-examined the ionization proc
esses in the cyanogen halides and in dicyanogen using 
a nearly monoenergetic photon beam to avoid some of 
the errors inherent in the electron-impact method and 
to provide a greater precision in the determination of 
thresholds. Although cyanogen fluoride was available 
for this study, the heat of formation has only been 
estimated8 to be 3±5 kcal mole-l using a correlation 

* This work was supported in part by the U.S. Atomic Energy 
Commission. 
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method due to Glockler.9 Also, because of the contro
versy regarding the state or energy content of CN or 
CN+ in dicyanogen,1 we have chosen to discuss first 
the observations on CICN, BrCN, and lCN, applying 
the conclusions to the interpretation of the remaining 
members of the series. 

EXPERIMENTAL 

Measurements were made by means of a combined 
vacuum-ultraviolet monochromator and mass spectrom
eter differing in minor respects from that described in 
detail in the first paper of this series.1o A gold-coated 
grating having 1200 grooves/mm is used in the mono
chromat~r with optical s}its of 0.1 mm, thus providing 
a resolutlOn of about 1 A. Photon sources and intensi
ties of photons and of ions werc substantially th08c 
described in the preceeding paper of this series.ll The 
following conversion factors are used: 1 eV=8065.73 
em-I, 1 eV per molecule equals 23.0609 kcal mole-I, 
1 cal= 4.1840 J. 

Dicyanogen and cyanogen chloride were commercial 
materials with minimum purities of 98.5% as stated 
by the supplier. Samples held at liquid-nitrogen tem
perature were pumped on to remove noncondensibles. 
The chloride was also pumped on briefly at dry-ice 
temperature. Mass spectra indicated a trace of dicyano
gen in the cyanogen chloride compound. Cyanogen 
bromide and cyanogen iodide were also commerical 
samples with stated minimum purities of 95% to 99%. 
These were also pumped on at dry-ice temperatures 
and used without further purification. Mass spectra of 
each showed only trace amounts of the other halogen 
compounds. Cyanogen fluoride was synthesized by 
W. J. Lafferty of the Infra-red and Microwave Spec
troscopy Section. According to our mass-spectral data, 
the stock material contained about 5 mole % dicyano
gen and possibly a trace of methyl cyanide. Unfortu
nately, the amount available was too small to permit 
fractional distillation and simple bulb-to-bulb distilla-

• G. Glockler, J. Phys. Chern. 63, 828 (1959). 
10 V. H. Dibeler and R. M. Reese, J. Res. Natl. Bur. Std. 68A, 

409 (1964). 
11 V. H. Dibeler, J. A. Walker, and S. K. Liston, J. Res. Natl. 

Bur. Std. 71 A, 371 (1967). 

4548 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

129.174.21.5 On: Thu, 18 Dec 2014 15:19:57



M .\ S S - S p ,.: C T R 0 :-.[ E T RIC STU D Y 0 F l' II 0 T () I 0 ~ I Z .\ T I 0 ~. Y I I I 4549 

FIG. L Photoionization-yield curves for 
the CICN+, Cl+, and CN+ ions of cyanogen 
chloride. 

1000 950 

tion at low temperatures did not remove the dicyanogen. 
Therefore, it was used without further purification. 

RESULTS AND DISCUSSION 

CICN 

The abundances of the cyanogen chloride fragment 
ions relative to the molecule ion are given in the sum
mary, Table I. The abundances of the isotopic halogen 
ions are added to provide the "monoisotopic" spec
trum. Relative intensities of other ions are less than 
1 % and there is no evidence for negative ions formed 
by ion-pair processes. With the latter exception, the 
photon spectrum at 21 e V is quite similar to the elec
tron-impact spectrum6 at 70 eV. 

Typical photoionization-yield curves for the 35CICN+, 
35Cl+, and the CN+ ions are plotted in Fig. 1. Abscissa 
scales are given in angstroms with the equivalent en
ergy in electron volts at selected wavelengths. In arbi
trary units, the ordinate scales for the Cl+ and CN+ 
ions are one-tenth that of the molecule ion. Error bars 
at each point represent the estimated uncertainty, due 

TABLE 1. Relative abundances of cyanogen halide ions 
by photon impact. 

Relative abundance 

Ion FCN- CICNb BrCNb ICNb 

XCN+ 1.00 1.00 1.00 1.00 
CX+ 0.32 0.018 0.006 0.008 
X+ 0.083 0.11 0.25 
CN+ 0.08 0.063 0.002 

• At 600 (20.66 eV). 
b At 584 A (21.23 eV) 

900 850 800 750 700 650 600 
WAVELENGTH (A) 

principally to the uncertainty in the photon-intensitv 
measurement. -

The initial threshold of the CIC:~J+ ion-yield curve 
rises abruptly. The slope of the onset is approximately 
that expected from the optical resolution and we select 
the midpoint, 1005 A (12.34 eV) as the onset with an 
estimated uncertainty of ±0.01 eV. The familiar peaks 
due to autoionization of Rydberg levels in the mole
cule appear immediately thereafter and we are not 
able to identify vibrationally excited states of the ion 
or to observe evidence for the 2II components resulting 
from spin-orbit coupling of the P7r electrons. The latter 
may not be expected in ClCN as studies of ultraviolet 
absorption12 and nuclear quadrupole coupling constants13 
indicate considerable electron delocalization and a high 
degree of conjugation of the halogen and CN electrons. 
Also, there is not a close correlation between the above 
threshold and the value of 13.01 eV for the ionization 
energy of atomic chlorine.14 

The initial onset is in good agreement with a tenta
tive value of 12.36 eV obtained by photoelectron spec
troscopyl5 but is appreciably below the electron-impact 
value6 of 12.49±0.04 eV. Obviously, a systematic error 
several times the quoted imprecision must be involved 
in the latter measurement or the minimum threshold 
was not reached by electron impact. There is evidence 
for a second onset at about 946 A (13.1 eV) followed 
by several bands of unresolved auto ionization in the 
wavelength region 900 to 825 A and perhaps another 
onset at about 15.3 eV. Several bands of autoionization 

12 G. W. King and A. W. Richardson, J. Mol. Spectry 21 339 
353 (1966). . , , 

13 J. K. Tyler and J. Sheridan, Trans. Faraday Soc. 59 2661 
(1963). ' 

a C. E. Moore, "Atomic Energy Levels," Nat!. Bur. Std. Cire. 
No. 467 (1952). 

J5 W. C. Price (private communication). 
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TABLE II. Summary of threshold observations and some derived thermodynamic values. 

Molecule Ion 

ClCN ClCN+ 

CI+ 

BrCN BrCN+ 

ICN 

1+ 

FCN 

Cf+ 

Threshold (e V) 

12.34±0.01 
15.3 (?) 

>18. 

17.32±0.02 

18.50±0.02 

11.84±0.01 
11.93 

15.52±0.02 

1O.87±0.02 
11.48 (?) 
12.94 

13.62±0.02 

13.32±0.01 
13.43 
13.52 
14.4 

19.21±0.02 

16.35 
18.8 (?) 
20.1 (?) 

Remarks 

MlfoO (CN):::; 103.36±0.05 kcal mole-I 

AHfoo (CN+) :::;430. 76±0.05 kcai moie-I 

I (CN)~14.20±0.02eV 

2IIZl2 

1'1=735 cm-I 

tJ.HN (CN) :::;102.60±0.5 kcal moie-I 

AHfo ° (CN):::; 101. 56 kcal mole-I 

tJ.HjoO (FCN) =5.6±1.0 kcal moie-I 

D (F-CN) =5.00 eV 

AHfoo (CF+) <270.0 kcal mole-I 

tJ.HjoO (CF) <43.9 kcal moie-I 

13.374±0.008 
13.64 /).v=2178 cm-1 

15.46 

17.46±0.02 

20.42±0.02 

again appear at 775 to 715 A, probably representing 
Rydberg levels converging above 18 eV. A final band 
is apparent in the region 660 to 600 A suggesting a 
threshold above 21 eV. Except for the latter, these 
observations are generally in agreement with the re
sults of photoelectron spectroscopy.!S 

The initial threshold for the Cl+ ion appears at 
716 A (17.32±0.02 eV). The ion-yield curve shows 
structure, some of which may be correlated with struc
ture in the molecule-ion curve. The threshold value is 
equivalent to a heat of reaction !::..Hloo=399.41 kcal 
mole-! for the process CICN+hp-Cl++CN+e. From 
the heats of formation,t6 !::..HloO(ClCN) =32.804 kcal 
mole-! and !::..HloO(Cl+) =328.86 kcal mole-I, we calcu
late the heat of formation of the cyanogen radical, 
!::..HjoO(CN) =103.3 kcal mole-I. It should be noted 

16 D. D. Wagman, W. H. Evans, I. Halow, V. B. Parker, S. M. 
Bailey, and R. H. Schumm, "Selected Values of Chemical Thermo
dynamic Properties," Nat!. Bur. Std. Tech. Notes 270-1,2, and 3. 

tJ.HfoO (C2+) =476.0±0.5 kcal mole-1 

I (C2)=12.15±0.05eV 

Excess energy of 0.6 e V 

that in the event of excess energy in the dissociative
ionization process, this value represents an upper limit 
and we estimate the uncertainty in the present result 
to be less than ±0.5 kcal mole-I. The discrepancy be
tween our value and 109±3 kcal mole-! 1,2 is greater 
than the combined uncertainties but well within the 
range of 99±8 kcal mole-l •t 

The initial onset of the CN+ ion appears at 670 A 
(18.50±0.02 e V) and corresponds to a !::..Ho ° = 426.63 

kcal mole-I for the process CICN+hp-CN++CI+e. 
From the heat of reaction, the !::..Hlo ° (CICN) and 
!::..Hlo ° (CI) = 28.68 kcal mole-I,!6 we calculate!::..Hlo ° 
(CN+) = 430.75 kcal mole-I. Subtracting the above heat 
of formation of cyanogen radical gives the ionization 
energy, I(CN) = 327.4±0.5 kcal mole-I, or 14.20± 
0.02 eV. This is identical to, but more precise than, 
the direct measurement reported by Berkowitz.1 Of 
course, this assumes no excess energy in either dis
sociation process. However, the agreement with the 
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FIG. 2. Photoionization-yield curves for the 
BrCN+ and Br+ ions of cyanogen bromide. 

11,81 

1050 

directly measured value gives strong support to that 
value and to our fliIjo ° (CN). Observed and calculated 
values are summarized in Table II. 

BrCN 

The relative intensities of the measurable ions are 
listed in Table I. As in the case of the chloride, intensi
ties of isotopic bromine ions are added to obtain the 
"monoisotopic" spectrum. There is no evidence for 
negative ions; otherwise, there is general agreement 
with the electron-impact spectrum.6 

The ion-yield curves for BrCN+ and Br+ ions are 
plotted in Fig. 2 in a manner similar to that of Fig. 1. 
The data are shown down to 700 A although measure
ments were made to 600 A. In the region not shown, 
the curves are apparently featureless and of nearly 
constant intensity. 

The BrCN+ ion has a sharp onset with a midpoint 
in the initial segment at 1047 A (11.84±0.01 eV). 
This is nearly identical with the ionization energy of 
atomic brominel4 and we assume it represents excita
tion of a halogen-localized p7r electron. Thus, we as
cribe it to the 2II3/2 component of the spin-orbit dou
blet. The separations of the doublet components in 
HBr+ and CH3Br+ have been reportedl7 to be 2653 
and 2540 cm-I, respectively. This interval of approxi
mately 0.3 eV is completely masked by the intense 
autoionization in the region below 1035 A. However, 
a step is apparent with an onset midpoint at 1039 A 
(11.93 eV). This .:lv= 735 cm-I is very near the zeroth
order VI = 700 cm-1 (C-Br stretch) estimated by King 
and Richardsonl2 for the C state of BrCN. 

17 W. C. Price, Proc. Roy. Soc. (London) A167, 216 (1939). 

ENERGY leV) 

12.40 13,05 13.77 14,58 15.50 16.53 17,71 

1000 950 900 850 800 750 700 
WAVELENGTH IA) 

Our minimum threshold value for BrCN+ is again 
lower than the electron-impact threshold, 11.98±0.08 
eV, by an amount somewhat greater than the combined 
uncertainties.6 However, it is higher than the tentative 
photoelectron spectroscopy valuel5 of 11.76 eV. The 
latter observations also indicate inner ionization thresh
olds at 13.4, 14.2, and about 17.9 eV. Although our 
curve gives considerable evidence of autoionizing Ryd
berg levels possibly converging to these limits, we are 
not able to make accurate identification of the onsets. 

The Br+ ion has an abrupt threshold at 799 A 
(15.52±0.02 eV). This is equivalent to a .:lHjoo= 
357.90 kcal mole-l for the process BrCN+hv-+Br++ 
CN +e. From the heats of formation,16 .:lHjo ° (BrCN) = 
46.07 kcal mole-I and .:lHjo ° (Br+) = 301.368 kcal mole-I, 
we calculate .:lHjoO(CN) = 102.6o±0.5 kcal mole-I. This 
is in agreement with the heat of formation obtained 
from CICN, within the estimated uncertainty, but sug
gests that some excess energy may be included in the 
dissociative ionization processes of the molecule. 

ICN 

Relative intensities of the three measurable ions are 
again given in Table 1. The partial mass spectrum is 
similar to that obtained by electron impact6 except for 
the absence of negative ions by ion-pair processes. 

Figure 3 shows the ion-yield curves for the ICN+ 
and 1+ ions plotted to 700 A. Data obtained down to 
600 A are omitted as the curves are quite featureless 
and of nearly constant intensity below 700 A. The 
ICN+ ion-yield curve shows a rapid rise at onset with 
a midpoint of the initial linear segment at 1140 A 
(10.87±0.02 eV). This is in agreement with the elec-
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ENERGY (ev) 

11.21 12.40 13.11 15.50 17.71 

1200 1150 1100 1050 1000 950 900 650 600 750 700 

WAVELENGTH (al 

FIG. 3. Photoionization-yield curves for the ICN+ and I+ ions of 
cyanogen iodide. 

tron-impact value,6 of 1O.98±0.05 eV provided the 
uncertainty in that measurement is somewhat greater 
than quoted. Our value is in excellent agreement with 
the photoelectron value of lO.89 eV communicated bv 
Price.I5 The comparison with the ionization energy ;f 
atomic iodine,1s 10.448 eV, is not so striking as in 
BrCN. However, we ascribe the initial onset to the 
2II3/2 component. Price observes a second onset at 11.45 
eV, presumably the 2IIl/2 component. There is evidence 
for such an onset in Fig. 3 at 1080 A (11.48 eV), 
although the autoionization of the Rydberg levels con
verging to this limit partially obscure the threshold. 

A second band of autoionizing Rydberg levels is ob
served in the region 1060 to 970 A. These are appar
ently converging at about 958 A (12.94 eV). The 
spacings of the p~aks in this region are nearly con
stant at about 20 A (1800 cm-I ). This is approximately 
equal to the V3 (C-N stretch) vibrational frequency of 
1953 cm-I reported for the C state of ICN.I2 

The significant increase in the ion-yield curve at 
12.94 eV is nearly identical with the threshold observed 
by PriceI5 at 12.97 eV. Several other broad peaks which 
may be unresolved bands of autoionization are apparent 
from 940 to 790 A. However, no further increase in 
the ion yield is observed down to 600 A, although 
Price reports thresholds at 13.5, 16.64, and 20.4(?) eV. 

The 1+ ion has a very sharp onset at 910 A (13.62± 
0.02 eV). There is some indication of unresolved struc
ture in the curve, particularly from 860 to 820 A. This 
may correspond to autoionization also observed in the 
molecule-ion curve. The threshold value gives a AHo ° = 
314.1 kcal mole-I for the process ICN +h~I++CN +e. 
From the heats of formationI6 and ionization energy 
of atomic iodine,1s AHjoO(ICN) =54.04 kcal mole-I 

18 L. Minnhagen, Arkiv Fysik 21,415 (1962). 

and AHjo ° (1+) = 266.571 kcal mole-I, we calculate 
AHjoO(CN) = lO1.56±0.4 kcal mole-I. This is in good 
agreement with the heat of formation obtained from 
the chloride and the bromine, although lower than 
either. 

The possibility of excess energy in the dissociative 
ionization processes used to evaluate AHj(CN) and 
the apparent trend suggest that the lowest value is 
the most nearly correct. In addition, the present un
certainty in heats of formation of the c'"'ano"en halides 

I 
. .J '" 

re atlve to each other and to dicyanogen is estimated 
to be 0.2-0.3 kcal mole-I. This added to the uncer
tainty in threshold measurements (0.4-0.5 kcal mole-I) , 
strongly suggests use of the minimum value with a total 
uncertainty of about 1 kcal mole-I. Thus, we adopt: 
AHjoO(CN) = 101.5±1.0 kcal mole-I, AHjoO(CN+) = 
430.0±1.0 kcal mole-I, and [(CN) = 14.25±0.05 eV. 

FeN 

The relative intensities of the FCN+, CN+, and CF+ 
ions are calculated from observations at 600 A (20.66 
eV) instead of 584 A to avoid a possibly significant 
contribution from cyanogen impurities to the CN+ ion 
intensity. The relative abundances are given in Table I 
at that wavelength. Other ions are immeasurably small 
and there was no evidence for negative ions. Fawcett 
and Lipscombl3 report the abundance of the CN+ and 
CF+ relative to FCN+ to be 0.18 and 0.15, presumably 
at 70 V. Apparently the relative abundance of the CN+ 
ion increases rapidly below 600 A. 

The photoionization-yield curves for the molecule 
and fragment ions of FCN are plotted in Fig. 4 in the 
same manner as above. The ordinate scales for the 
CF+ and the CN+ ions are, respectively, one-fifth and 
one-twentieth that of the FCN+ ion. The FCN+ ion 
shows a rapid rise with a midpoint at 931 A (l3.32± 
0.01 eV). This is in reasonable agreement with a tenta
tive valueI• of 13.6 eV obtained by photoelectron spec
troscopy. The first onset is followed by one dearl\' 
defined step at 923 A (13.43 e V) and a second partially 
resolved step at 917 A (13.52 eV). Apparently the 
Franck-Condon factors for the initial vibrationallv ex
cited states are relatively weak. The Av of about 0:1 eV 
or 800 cm-l is ascribed to the C-F stretching frequency, 
VI, of the ions as this frequency in the neutral molecule 
has been reportedl9 to be lO77 cm-l • The Av is appar
ently too large to be ascribed to the spin-orbit coupling 
components of the ion. As an estimate of this interval 
we use the 2 P3/2-2 P 1/ 2 interval of 404 cm-l (0.05 e vi 
of the atomic fluorine atom. Very likely, the degree of 
conjugation of the halogen and CN 11" electrons is greater 
in FCN than in ClCN and the absence of the spin-orbit 
components of the 2ll state is not surprising. 

Strong peaks in the region 910 to 862 A are due to 
autoionization of Rydberg levels apparently converg
ing at about 860 A (14.4 eV). Thereafter, the con-

19 R. E. Dodd and R. Little, Spectrochim. Acta 16,1083 (1960). 
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FIG. 4. Photoionization-yield curves for : 
the FCN+, CN+, and CF+ ions of cyanogen ~ 
fluoride. ~ 
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tinuum is quite smooth with some indication of further 
autoionization in the wavelength region of 730 to 700 A. 
Thresholds for ionization energies above 14.4 eV are 
not apparent. However, a tentative report on photo
electron studies16 indicates such thresholds at 15.6 and 
16.8 eV. 

The CN+ ion-yield curve rises very rapidly at a 
threshold of 645.5 A (19.21 eV). Thus, the heat of 
reaction for FCN + hv-+CN+ + F +e is 442.8 kcal mole-I. 
As this threshold is about 50 A below that of CN+ 
from dicyanogen there is no difficulty due to possible 
dicyanogen impurity. If we apply this threshold, the 
llHfo ° (CN+) = 430.0 kcal mole-1 as given in the previ
ous section, and llHfoO(F) = 18.38 kcal mole-I 16 we cal
culate llHfoO(FCN) =5.6 kcal mole-1 and D(F-CN) = 
115.3 kcal mole-lor 5.00 eV. It is difficult to find 
corroborating evidence for these values. The only esti
mate of llHf(FCN) presently available is that obtained 
by extrapolation of heats of formationS and this is by 
no means conclusive, particularly with regard to fluo
rine as the terminal element. The situation is quite 
reminiscent of that regarding the formerly accepted 
"high" heat of dissociation of F2 with subsequent 
spectroscopic20 and other equilibrium data leading to 
the presently accepted value of D(F2 ). We are not 
aware of any previous determination of D(F-CN). 

The minimum threshold for the CF+ ion is observed 
at 758 A (16.35 eV). The slowly rising ion-yield curve 
shows some evidence for step structure in the initial 
region as well as interference from partially resolved 
autoionization peaks at shorter wavelengths. Although 
there is some indication of higher energy thresholds at 
about 18.8 and 20.1 eV, these are poorly defined. The 
onset at 16.35 eV (376.9 kcal mole-I) is taken to be 

20 R. Potter, J. Chern. I'hys. 17,957 (1949). 

850 800 750 700 650 600 
WAVELENGTH (AI 

the heat of reaction for the process FCN +hv-+CF++ 
N +e. However, the transition to ground states of 
CF++N is forbidden by spin-conservation rules and 
the threshold may represent an upper limit to the 
energy required for the adiabatic process. Nevertheless, 
if we apply the heats of formation, llHfo O(FCN) = 5.6 
kcal mole-I and llHfoO(N) = 112.5 kcal mole-I, we cal
culate llHfoO(CF+) = 270.0 kcal mole-I. Johns and Bar
row21 report the ionization energy, J(CF) = 226.1 kcal 
mole-1 and Andrews and Barrow22 report D(C-F) = 114 
kcal mole-I from which one may calculate AHf(CF+) = 
300 kcal mole-I. Our threshold value indicates this 
estimate is too high by at least 30 kcal mole-I. The 
discrepancy probably results from an error in the spec
troscopic determination of the dissociation energy of 
the diatomic molecule CF as our observation is more 
nearly in accord with the value of D(C-F) = 141 kcal 
mole-I obtained by means of shock-tube studies.23 

C2N2 

The relative intensities of the C2N2+, C2N+, CN+, 
and C2+ ions of dicyanogen at 584 A (21.23 eV) are 
approximately 1.0, 0.01, 0.07, and 0.2, respectively. 
There was no evidence for negative ions, and an upper 
limit for the relative abundance of CN- is estimated 
to be 0.002. The ionization-yield curves for the C2N2+ 
and C2+ ions are given in Fig. 5. The ordinate scale 
for the C2+ ion is one-half that of the molecule ion. 
The C2N+ ion is immeasurably small in the accessible 
wavelength region and the CN+ ion is observed only 

21 J. W. C. Johns and R. F. Barrow, Proc. Phys. Soc. (London) 
A71, 476 (1958). 

22 E. B. Andrews and R. F. Barrow, Proc. Phys. Soc. (London) 
AM, 481 (1951). 

23 A. P. Modica, J. Chern. Phys. 44, 1585 (1966). 
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FIG. 5. Photoionization-yield curves for 
the C2NI+ and C2+ ions of dicyanogen. 
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over a very short-wavelength region near 600 A; there
fore both are omitted from the figure. 

The rapid onset for the C2N 2+ ion has an energy 
spread of approximately 1 A in the linear segment. 
The midpoint at 927±0.6 A (13.374±0.008 eV) is 
taken as the 0-0 transition. This is considerably below 
the rough estimate of 13.8 eV obtained by extrapola
tion of Rydberg levels24 but is in good agreement with 
13.36 eV obtained by photoelectron spectroscopy.25 It 
is appreciably below the previously accepted electron
impact value4 of 13.57±0.02 eV. 

A second, rapid onset of great intensity is observed 
with a midpoint at 909 A (13.64 eV). The 1.I/J=0.27 eV 
or 2178 cm-I is identical with that observed by Turner 
and Baker25 and ascribed by them to the C-N sym
metrical stretching mode, /J1. Herzberg26 gives 2329.9 
cm-I as the VI frequency for the X I2:g+ state of C2N 2• 

The diminution in frequency on ionization is about 
that observed for the V2 frequency (C-C stretch) for 
acetylene27 upon ionization. 

Unlike the photoelectron spectra, the present obser
vations on inner electron thresholds are often obscured 
bv an intense band of peaks in the wavelength region 
900 to 810 A. The observed peaks, ascribed to auto
ionizing Rydberg levels, apparently correspond to at 
least two series with average spacings of about 7 A, 
converging at about 802 A. An increase in ion yield is 
observed at that point (15.46 eV) followed by partially 

24 W. C. Price and A. D. Walsh, Trans. Faraday Soc. 41, 381 
(1945) . 

2. D. W. Turner and C. Baker (private communication). 
26 G. Herzberg, Electronic SPectra of Polyatomic Molecules 

(D. Van Nostrand Co., Inc., Princeton, N.J., 1966), Vol. 3. 
27 P. G. Wilkinson, J. Mol. Spec try . 2, 387 (1958). 

650 60.0. 

resolved steps at intervals of about 0.2 e V due to vibra
tional excitation. This structure is quite consistent with 
the results of photoelectron spectroscopy.25 

Below 800 A, the ion-yield curve rises steadily to 
about 735 A at which point it again decreases in a 
nearly linear fashion to the wavelength limit of the 
pres en t measurements (600 A). There is clear evidence 
for another band of Rydberg levels in the wavelength 
region 680 to 645 A. 

The decrease in the ion-yield curve at about 735 A 
(16.8 eV) may mark the onset of a competing process 
such as dissociative ionization. This point is near to 
the calculated threshold of 760 A for the ion pair 
process C2N2+hv-+CN++CN-, using the electron af
finity28 E.A. (CN) = 85.3 kcal mole-I. However, there 
is no evidence for the ion-pair process in this or in 
electron-impact4 studies. Therefore, dissociation most 
probably occurs to excited neutral species. 

The ion-yield curve for the C2+ ion, shown in Fig. 5 
has a definite onset at 710 A (17.46±0.02 eV). The 
curve rises almost linearly and fairly smoothly to the 
limit of our measurements. It is interesting to note 
that taking into account the proper scale and omitting 
the autoionization peaks, the addition of the C2+ ion 
curve to that of the molecule ion results in a total 
ionization curve of nearly constant yield from 710 to 
600 A. 

The threshold value of 17.46 (402.6 kcal mole-I) is 
taken to be the heat of reaction for C2N2+hv-+C2++ 
N 2+e. From l.IHjOO(C2N 2) = 73.428 kcal mole-I 8 and 

28 V. I. Vedeneyev, L. V. Gurvich, V. N. Kondrat'ev, V. A. 
Medvedev, and E. L. Frankevich, Bond Energies, Ionization Po
tentials and Electron Affinities (Edward Arnold, Ltd., London, 
1966), translation of 1962 Russian edition. 
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AHfoO(C2) = 195.8±1.7 kcal mole-129 we obtain the 
heat of formation of C2+, AHfo O(C2+) =476.0 kcal mole-l 

and the C2 ionization energy, I (C2) = 280.2 kcal mole-l 

(12.15 eV). In the absence of systematic error, the 
estimated uncertainty is ±0.05 eV, principally due to 
the uncertainty in the heat of formation of C2. Our 
value for the ionization energy is considerably more 
accurate, but in agreement with the direct measure
ment29 of 12.0±0.6 eV. 

The initial onset of the CN+ ion is very abrupt with 
a threshold at 607 A (20.42±0.02 eV), in exact agree
ment with electron-impact results.4 Step structure is 
indicated although the curve could only be followed 
for 20 A. The threshold value is equivalent to a AHoo= 

470.9 kcal mole-1 for the process C2N2+hv-+CN++ 
CN +e. From the adopted neutral and ion heats of 

29 J. Drowart, R. P. Bums, G. DeMaria, and M. G. Inghram, J. 
Chem. Phys. 31, 1131 (1959). 

formation, we calculate a AHoo= 458 kcal mole-I. Thus, 
the observed value indicates excess energy of about 
13 kcal mole-I, or 0.6 eV. This is nearly identical with 
Kandel's measurement6 of 0.57 eV and in agreement 
with the qualitative observations by McDowell and 
Warren.' This is not necessarily inconsistent with 
Stanton's observations3o that, at 100 eV, principally 
thermal-energy CN+ ions are obtained by electron im
pact on dicyanogen. 
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Two theorems are demonstrated: (1) The coefficients of most of the (2n+1) excited configurations in 
the nth- order correction to any well separated monoexcited state are [multiplied by a factor 2-1I2J, equal 
to the coefficients of most of the 2n excited configurations in the nth order correction to the wavefunction 
of the ground state; (2) while the calculation of the nth-order correction to the energy of any state implies 
(2n)-uple summations over the molecular orbitals, the nth-order correction to the transition energy between 
the ground and a monoexcited state only implies (2n-1)-uple summations over the molecular orbitals. 
These two theorems are only valid when n is smaller than the number of particles in the system. 

I. INTRODUCTION 

The interest in perturbation techniques to overcome 
the independant particles model has been recognized a 
long time ago by MS'\ller and Plesset. l This idea has 
received some practical applications in the field of 
quantum chemistry.2-5 The theoretical and numerical 
superiority of the Rayleigh-Schrodinger expansion over 
the Brillouin-Wigner development has been recognized 
by Brueckner6 and Grimaldi.5 Within the framework of 
the Rayleigh-Schrodinger expansion several partitions 
of the exact Hamiltonian have been proposed by 
Steiner? Claverie, Diner, and Malrieu have compared 

1 C. M¢ller and M. S. Plesset, Phys. Rev. 46, 618 (1934). 
2 R. K. Nesbet, Proc. Roy. Soc. (London) A230, 312, 322 

(1955) . 
3 D. A. Kirgnitz, Opt. i Spectry. 5, 486 (1958). 
4 H. P. Kelly, Phys. Rev. 136, B896 (1964). 
6 F. Grimaldi, J. Chern. Phys. 43, 559 (1965). 
6 K. A. Brueckner, in The Many Body Problem (Les Houches, 

Paris 1958, and John Wiley & Sons, Inc., New York, 1959). 
7E.Steiner,J. Chem. Phys.46, 1717, 1727 (1967). 

the MS'\ller-Plesset and EpsteinLNesbet2 partitions of 
the exact Hamiltonian9•1o and shown that Kelly's pro
cedure4 was simply a second-order calculation in the 
Epstein-Nesbet partition of the Hamiltonian. Hereafter 
we use the MS'\ller-Plesset partition of the Hamiltonian 

H=HsCF+ V, 

where HSCF is the self-consist ant Hamiltonian. The 
energy differences between two states involved in the 
denominators of the perturbation expansion are the 
differences between the sums of the energies of the 
molecular orbitals occupied in the two states. In such a 
case the energy difference between the ground state 
and a monoexcited state i~j* is the same as the energy 
difference between any state and the state one gets 
from it by a supplementary excitation i~j*. 

8 P. S. Epstein, Phys. Rev. 28, 696 (1926). 
9 P. Claverie, S. Diner, and J. P. Malrieu, Intern. J. Quantum. 

Chem. (to be published) . 
10 S. Diner, J. P. Malrieu, and P. Claverie, Theoret. Chim. 

Acta 8,390 (1967). 
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