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Ultraviolet absorption spectra of four isotopic methylamines, CHaNHz , 
CHZNDZ , CD,NH, , ad CD,ND, , have been observed in their gaseous states 

in the spectral region of 2000-2500 d. There is an electronic band whose O-O 
peaks are observed respectively at 2397, 2376, 2392, and 2372 A. The vibra- 
tional structure of the band was analyzed in terms of two freqllencies of the 

ground state and two frequencies of the excited state. The two frequencies 
of each state were assigned to the amino-wagging and methyl-rocking vibra- 
tions. On the basis of the observed energy levels of the amino-wagging vibra- 
tion in t.he CH3NH2 and CHBNDZ molecules, the potent,ial function of the 
excited molecule along this coordinate was determined : it has a broad minimum 
at the position of the planar amino group, and it is nearly harmonic up to the 
position where the HNH plane inclines 90” from the C-N bond. On the basis 
of the observed vibrational frequencies, a normal coordinate treatment was 
made of the four methylamine molecules in the excited state. By assuming 
the values of two force constants (jW and jr), all of the seven normal frequencies 
observed of the four excited methylamines were explained. It was shown that 
the vibrational coupling of the amino-wagging and methyl-rocking modes 

becomes greater in the order of CHSNDZ , CHINH, , CDaNDs , and CDzNHz . 

I. INTRODUCTION 

The amino group of the methylamine molecule in the ground state is known 
to have a pyramidal skueture (I ). Along the amino-wagging coordinate there 
are two potential minima separated by a pot’ential barrier of 1688 cm-’ in height 
(2,s). There is an appreciable inversion doubling observed in the amino-wagging 
band in the infrared spectrum (2,4). 

The purpose of the present paper is to describe the corresponding wagging- 
inversion potential function of the methylamine molecule in an excited elec- 
tronic state on the basis of the results of our examination of the vibrational 
structure of the ultraviolet absorption band observed in the 2000-2500 A region. 

II. EXPERIMENTAL METHODS 

Four isotopic methylamines were used: methylamine (CH,NH?), methyl- 
amine-& ( CHaNDz), methyl-&-amine (CD,NH,), and methyl-&amine-& 
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( CD,NDs ). A pure CH,NH, gas sample was obtained by a procedure previously 
described (4). The CH,ND, gas was obtained by adding a small amount of 

purified methylamine hydrochloride (solid) into a NaOD plus D,O solut’ion. 
The KaOD was obtained by the reaction of metallic sodium wit’h D,O at’ a lower 

temperature. Refore placing the CH,KD, samples in a gas cell ( 10 cm), D,O 
gas was filled in tfhe cell so that, the adsorbed gas on t’he cell wall was complet~cl> 
d&erated. The CD,NH, and CD&D, gases were obtained from methyl-rla- 
amine hydrochloride which was supplied by Merck Sharp and Dohme of C:wnd:~ 

Limited. This sample of hydrochloride was found to have an appreciable amount 
of ammonium chloride as an impurity. Yo purifi&ion of the hydrochloride \V:W 
made, and the CD&H? gas sample had an amount of NH,, and t’he CD,ND, gw 

sample had an amount, of KD, as impurities. This fact wts properly t’aken into 
account’ in interpreting the experimental results. 

Ultraviolet absorption measurement,s of these four isotopic methylamines in 

the 2000-2500 A region lvere made by t’he use of a Gary 11 spectrophotomctrr. 
A gas cell with quartz windows and n-it’h an optical path length of 10 cm \V:LS 

used. In most experiments, t’he pressure of the gas was kept less than 1 mm Hg 
and its temperature at room temperature. Only for detecting weaker absorpt,ioll 
h~ls the pressure was elevated (up to a few hundred mmHg). Also, sometime 
the temperat8ure of the sample w-as elevated up t#o 200°C for examining lvhethcr 
dome particular bands are hot bands or not. The wavenumber calibration n-as 
made by means of known absorption peaks of ammonia (5) and knonn emission 

lines from a mercury lamp. The position of each vib&ional band has been cleter- 
mined \vit#h an experimental error which is about +lO cm-‘. In lcigs. l--k, the, 

nhsorption curves of the four isotopic methylnmines are given. 

III. AKSLWIS OF THE SPECTRA 

The absorpt,ion spectra of methylamines in the speckal region in question TVWC 
previously observed by Fiirster and Jungers (6 j and by Tannenbaum et al. (7 ). 
IQ- our present’ examination, however, we obtained more data on the hot bands 
t hnn theirs, and n-e reached a different set of assignments from theirs of the 
vi hrational bands. 

The vibrational structure of the electronic bands of methylamines in the 
50 000-40 000 cm-l region can he analyzed in terms of two frequencies, vl’ and 
I’?‘, of the excit*ed st#at#e and k-o frequencies, ~1” and v?“, of t,he ground state. All 
of the vibrational bands observed of t)he four isotopic met,hylamincs are :~c- 
counted for b,v 

V = I’,,-” + l’l’Vl’ + P?~Y.‘~ - l$” VI” - 1’?” Q”. (1) 

The frequencies, v,,-~ , vl’, v?‘, Q”, and I+~, are given in Table I. The vibrat,ion:d 
clunntum numbers, vl’, u?‘, Pi”, and v~“, for the actually observed t,ransitions arc 
a.lso listed in Table I. The t,wo vibrational frequencies, Ye’ and v?‘, of each excit,ed 
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Wov~numbe,. cm-1 

FIG. 1. The structure of the electronic A-d band of methylamine (CHsNHJ in gaseous 
state. The continuous curves are reproductions of the observed absorption curves. Vertical 
lines indicate an interpretation of the structure (see the text). The arrow indicates the 
probable position of the CL-0 band. 

FIG. 2. The structure of the electronic x-8 band of methylamine-& (CHDND2) 
in gaseous state. The continuous curve is a reproduction of the observed absorption curve. 
Vertical lines indicate an interpretation of the structure (see the text). The arrow indicates 
the probable position of the O-O band. 

methylamine are associated, respectively, with the amino-wagging and methyl- 
rocking modes in each excited molecule, because of the following facts: 

(i) The observed ground-state frequencies, vlM and y2”, are what have been 
assigned, respectively, to the amino-wagging and methyl-rocking vibrations of 
the ground-state molecule (2, 4, 8, 9). 

(ii) Each of the frequency values ~1 and ~2’ is in a range acceptable for the 
proposed assignment on the basis of our general knowledge of the molecular 
vibrations of aliphatic amines (8). 

(iii) The effect of deuteration on each of the frequencies is just what is ex- 
pected (Table I). Thus, the change NH2-+ND, causes a reasonable amount of 
change (651-502 cm-’ or 589+479 cm-‘) in the ~1’ value, while only a small 
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FIG. 3. The structure of the electronic x--8 hand of methyl-do-amine (CDSNHZ) in 
gaseous state. The continuous curves are reproductions of the observed absorption curves. 
Vertical lines indicate an interpretation of the structure (see the text). The arrow indicates 
the probable position of the O-0 band. 

FIG. 4. The structure of the electronic A---y band of methyl-ds-amine-& (CDaND2) in 
gaseous state. The continuous curves are reproduct.ions of t.he observed absorption curves. 
Vertical lines indicate an interpretation of the structure (see the text). The arrow indicates 
the probable position of the 0-O band. 

change (8514800 cm-‘) in the vq’ value. The change CH3+CD, causes n. rea- 
sonable amount of change (1004--+851 cm-‘) in the Y?’ value, but only a small 
change (651+589 cm-’ or 502+479 cm-‘) in the ~1’ value. 

(iv) In the ground-state methylamine molecule, the amino-wagging mode 



TABLE I 

\~IBRATIONAL FREQUENCIES (cm-‘) AND OISERVKD TR.~NSITIONS (VI’, ~2’) + (VI”, ~2”) IN 
THE ULTR.&VIOLET ABSORPTION SPECTRA OF FOUR ISOTOPIC M~THYLAMINES 

IN THEIR GASEOUS ST.~TES” 

CHaNHz (YO_O = 41 715) CHaNDz (YO_O = 42 079) 
___- _ 

0’ Y2’ VI” VI” Yl’ PZf w” Yt” 

651 1004 791 502 - 626 

(780) (1130) (625) (111$) 

ill Vzl 21, ” VS ” 1’1’ Vzl 2’1” V2’/ 
-. 

0 

li :I 

0) 
0 0 0 

li :i 

0 0 0 

01 01 
i} 1 0 0 

1OJ ; 
‘1 0 1 0 

0 0 1 0 
1 0 1 0 

0 0 2 0 

CDsNHz (~0-0 = 41 812) CDaNDz (~0 = 42 167) 
-. 

Y1‘ vgf Y, ” ye” Yl’ Y2’ VI” y2” 

589 851 740 918 479 800 600 

(740) (913) (601) - (880) 

VI’ VZ’ Vl” &f Z’l’ VZl VI” VP 

01 01 

0 0 0 0 0 0 

01 
1 0 0 r} 1 0 0 

8J 

2 0 0 2 0 0 

0 1 0 3 0 0 

0 0 0 1 0 1 0 

= Frequencies observed in the infrared spectra ($,4,8, and 9) are given in the parentheses. 
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has a stronger vibrational coupling with the methyl-rocking mode t’han with 
any other mode. This has been shown by our normal coordinate treatment. 
By the use of a refined set of force constant values, which reproduces the 51 
frequencies of the four isotopic methylamines wit,h the deviat,ions less t,han 1.5 “‘0, 
t,he normal modes of vibratJions of CHJYH, , CH:JXD! , CD,NH, , and CDJD, 
are calculat,ed as follows: 

CH,NH, , S ( amino ITag.) = 0.8877Q1 - 02966Qz + S f ( 5 0.1011 )Qi; 
15” (methyl rock.) = 0.16kQ1 + 0.8-2’L2Qr + S f ( ~0.4416)Q~; 

amino wag.) = 0.6.578Q1 - 0.1573Q2 + X f ( j0.15%)Qi; 

methyl rock.) = 0.1004 Q1 + 0.S1%lQ2 + z & ( s0.4317)Qi; 
amino wag.) = 0.676X& + 0.5104Q2 + 8 f ( 5 0.2X92)Qi; 
methyl rock.) = O.S6;iYQ, - 0.5744Q2 + s & ( s 0.229:i)Qi; 
amino wag.) = 0.60S7Q1 - 0.2S24Q2 + ?: f ( 2 0.1097)Qj; 

methyl rock.) = 0.1S29Q1 + O.AL>SX~, + 2; & ( 50.2718)Qi; 

Iv-here S’s are the symmetry coordinat’es and Q, and Q2 are the normal coordi- 
nates corresponding, respectively, t,o t,he frequencies, 750 and 1130 cm-’ for 

CHJSH, , 62.5 and 1117 cm-’ for CH,KD, , 740 and 913 cm-’ for CD,NH, , and 
601 and 880 cm-’ for CD,ND, . The coefficients of t,he Q’s ot,her than Q1 and Q2 
are not, given here; ( SO.lOll)Qi means t,hat, the largest (in the absolute value) 
coefficient is 0.1011 among t#he coefficients which are not shown here. It, is prob- 

able that, the amino-wagging and methyl-rocking modes have strong vihrat,ional 
coupling also in the excited methylamine molecule. In other words, t(he methyl- 
rocking vibration is considered to be the most’ probable one for appearing in the 
electronic band, if t>he appearance of the amino-\vagging vibration has been 
fixed. 

I\‘. STRUCTURE OF THE BLLIINO GROUP IN TTIF: EXCITED MOLECULE 

The :unino group of the excited metShylnmine molecule now in quesGon is COIN- 

sidered to be nearly planar on bhe b:& of the following pieces of evidence: 
t i) In each band-progression with 2111 = 0, 1, 2, . . . , all the spacings bet8meen 

adjacent8 t)wo vibrational hands are almost equal to one another (Figs. I-4). 
This means t’hat the energy levels of t’he amino-wagging vibration in the excited 
molecule are placed with almost’ cqunl intervals, nrd therefore t,hat the vihra- 
tionul potential is nearly harmonic for the amino-wagging mode. 

(ii) The possibility of the double minimum potent’ial along the amino-wag- 

ging coordinat’e is practically eliminat,ed on tmhe basis of t,hc following considera- 
t#ion. For CH:+NH2 , for example, the amino-wagging vibrational bands :Ippc:lr 
with equal intervals up to 21~’ = 12 (,I”ig. 1). E’or CHJD, , the bands appear 
I\-ith equal intervals up to tll’ = 16 ( Fig. 2). These facts mean that t$he potential 
functjion along t’he amino-wagging coordinate is nearly harmonic at least) in t,ho 
range of &90” along t’he abscissa and at, least up t,o X032 cm-’ in the ordinnto 
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(see Sec. V ). Therefore, if there were two minima in the potential function along 
the amino-wagging coordinate, they should be separated at least 180” from each 
other, and the potential barrier between them should be higher than 8032 cm-’ 
(23 kcal/mole). This is quite unlikely. 

(iii) The intensity of the vibrational band due to the transition (ur’ = 0) c 

( RN = 0) is always very weak. In the band-progression with z~r’ = 0, 1, . . . the 
intensity maximum is found at ( vl’ = Fi)+-(z~~~ = 0) in CH,NH, and at (vl’ = 7) 
C( L’r” = 0) in CH,ND, . These facts are understandable if the potential mini- 
mum in the excited methylamine molecule is assumed to be situated at the 
position corresponding to the planar amino group. Since the potential minima in 
the ground-state molecule are situated far from the planar position (s), the 
intensity of the (z’r’ = 0 )+(viN = 0) transit.ion should be very small according 
to the Franck-Condon principle (see Fig. 5). 

T’. AMINO-WAGGING POTENTIAL 

A more detailed examination of the band-progressions reveals that the amino- 
wagging vibration in the excited CHSNH, or CH,ND, molecule is not entirely 
harmonic; there is a slight deviation from what is expected for a harmonic vibra- 
tion. As shown in Fig. 6, the interval between the vl’ = 0 and vr’ = 1 bands is 
always appreciably smaller than the other intervals of the successive two vibra- 
tional bands in each progression. This fact is explained by considering that the 
potential function of the amino-wagging coordinate has a small hump at the 
center. 

In our previous paper (%‘), it was shown that the wagging-inversion energy 
levels of the amino group of the ground-state methylamine molecule can be ac- 
counted for by a potential function which consists of a harmonic well and an 
exponential hump : 

where 

V(Q) = ?&~c-yQ~ + hvca exp (-fir&“), (2) 

Q = ~% (3) 

In these equations, 0 is the wagging-inversion coordinate, v is a hypothetical fre- 
quency (cm-‘) if the exponential term were absent in the potential function, JJ is 
the reduced mass, and (Y, & and y are the potential constants. A trial was made to 
apply the potential function of the same form [Eq. (2)] to the excited methyla- 
mine molecule now in question. By assuming a set of three potential constants, 
ar, p, and v, the energy levels of the amino-wagging vibration were calculated by 
the method previously described (2). The intervals of the successive energy 
levels were then calculated, and were compared with the observed intervals. 
After several of such trials, it was shown that the addition of the exponential 
hump with (Y = 0.167 and @ = 3.0 to the harmonic potential provides a sub- 
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<'(CH3NDJ 
16 

6000 
15 

14 
7000 

13 

12 
6000 

FIG. 5. Potential curves, energy levels, and wave functions of the amino-wagging vibra- 
tion of the CHSNHZ molecule in the ground and excited states. The vertical broken line in- 
dicates the transition which shouId give the strongest absorption, according to the Frauck- 
Condon principle. As is detailed in the text, the potential curve for excited CHaNH2 is 
given by Eq. (2) with Y = 651 cm-l, 01 = 0.167, and p = 3.0. If the scale of the abscissa t: is 
properly adjusted, the same curve is almost good also for excited CIIBNI)?. The energy levels 
for CHsNDz are given in the right side of this common potential curve. Along the abscissa, 
& and 8 scales are also given. 

stantial improvement in reproducing t,he observed energy levels of CHSNH, and 
CHSNDZ (see Fig. 6). (It should be mentioned, however, that the agreement 
between the observed and calculated energy levels was not perfect here. It was 
indicated that a further additional term was needed to reach a complet,e agree- 
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CH,NH, 

a-0.167 

<,+ 8-30 

P =65lcd 

CH,ND, 
I 

FIG. 6. Intervals (cm-l) between the successive two vibrational bands (with the upper- 
state vibrational quantum numbers of ~1’ and vr’ + 1) in the band progressions: (vi’ = 0, 

1, a”; v’2’ = 0) +- (VI” = 0; v/ = 0) of CHINHZ (0, in the upper half), (vi’ = 0, 1, . . .; 
v21 = 1) c (V1N = 0;vz” = 0) of CHZNHS (X, in the upper half), (VI’ = 0, 1, . . . ; vi’ = 0) c 
(u,” = 0; es” = 0) of CHaND2 (0, in the Iower half), and (vr’ = 0, 1, . . - ; ez’ = 0) c (VI” = 
l;vzN = 0) of CH,NDz (X, in the lower half). Continuous lines show the calculated intervals 
on the basis of Eq. (2) with (Y = 0.167 and p = 3.0. 

merit.) By substituting Y = 651 cm-l, QI = 0.167, and p = 3.0 in Eq. (a), the 
amino-wagging potential curve of CHaNHs was drawn (Fig. 5) with 

E = YI’~Q, (4) 

along the abscissa. Since y is known as 47r’vc/h (2), the scale of Q is also obtained 
and is given in Fig. 5. The reduced mass p was obtained by the following metho<. 
As given previously (2), the potential minimum is located at Q = 0.655 arnn” A 
in the CH,NH2 molecule. This position should correspond to 0 = 51” on the 
basis of the known geometry of this molecule (1). Here, 6 is defined as the angle 
between the HNH plane of the planar amino group and the HNH plane of a 
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FIG. 7. Structure of the methylamine molecule with a planar amino group. Angles 8, a’s, 

and p’s are defined as shown here. 

pyramidal amino group which is reached by a deformation of t,he planar amino 
group along the amino-wagging coordinat’c (Fig. 7). By substituting these 
values in Eq. (3), the value of p (n-hose dimension is mass X length2 here) at, 
0 = 51” is obtained. By assuming that this value remains constant over the 

amino-wagging coordinate, the scale of 0 is given along the abscissa (lqig. 5 ). 

Such :t relation bet#w-een the potential energy and 0 should be approximately 
valid not only for CH3KH2 but also for CHJD, , hccause the vibrational coup- 
ling between the amino wagging and other modes is not great in both of these 

isotopic methylamines. By assuming that Q = 0.845 amu”’ A corresponds to 
0 = 51” in CHJYD, (2), the scales of Q and 4 were calculated and are given in 
Fig. 5. 

As shown in Figs. 1 and 2, and as given in Table I, t,he vibrational h:ds cm hc 

observed up to v~’ = 12 for CH,NH, and up to vl’ = 16 for CH,ND, in tht> bantl- 
progression of ( ul’ = 0, 1, 3, . . . ; z!~’ = 0) +( ~11~ = 0, zlzN = 0). As is seen in 

Fig. 5, t,he energy level with 2111 = 13 of CHJYH, or that with ul’ = 16 of CH:,SD, 
corresponds to a classical vibrat,ion with the amplitude of k90”. It is int’eresting 
that the amino-wagging pot,ential is almost harmonic up to such a great ampli- 

t#ude. 
The amino-wagging energy levels were determined not only for ground-stat c 

methylamine but also for ground-state aniline (10, I1 ) and formamide ( 12 ). 
The poten& constants of these molecules wcrc calculat,ed by adopting the 
potential function Eq. (2). The results are given in Fig. S for comparison. It is 
apparent here that the exponential hump becomes smaller in the order of CH,,. 
n-H, --i C,H,NH, --f HCOSH, + excited CHJH, . The size of the hump ma) 
be related with t,he electron density in the lone pair orbital on the nitrogen 
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FIG. 8. Amino-wagging potentials in the methylamine, aniline, 
methylamine molecules. 

formamide, and excited 

atom. Thus, in aniline, the lone pair electrons are considered to migrate partly 
towards the r-electron system. This trend is known to be greater in formamide. 
In the excited methylamine, one of the lone pair electrons is considered to be 
taken up from its original orbital onto the 3s orbital of the nitrogen atom (13). 

VI. A NORMAL COORDINATE TREATMENT 

If the excited methylamine molecule is assumed to have the C, symmetry with 
the HNH plane as the symmetry plane (Fig. 7), there should be nine A’ type 
and six A” type normal vibrations. Of the A” type vibrations, no information 
has been obtained in the present experiment. For the A’ type vibrations, the 
inverse kinetic energy matrix (G matrix) was first calculated by the standard 
method (14). In this calculation, bopd lengths r’s a$d bond angles $s and ,8’s 
are assumed as follows: rNH = 1.08 A, rCN = 1.540 A, rcE = 1.093 A, u_~.J~ = 
120”, (YCNH = 120”, p3 = p4 = p6 = (Ye = (Ye = a5 = 109” 28’ (see Fig. 7. The 
rNH is assumed to be equal to the r NH of excited ammonia (_75). This me$ns that 
the covalent radius of the nitrogen atom is 0.066 A = (1.08 - 1.014) A longer 
in the excited state than that in the ground state. Therefore, the rCN is assumed 
to be 1.474 B + 0.066 A = 1.540 8.) The G matrix of the methylamine mole- 
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cult with the planar amino group is essentially similar to that of a n~olecrde 
having the C’?, symmetry, and the G matrix for t,he .4’ tpe vibrations is factorwl 
into 4 X 4 and 5 X 5 m&rices. The former has :L CHZ stretching coordiwrto in 
it,s base. The CHa &retching frequency is considered to bc so high t,h:at, t.1~ 
vibrational coupling with other modes can be neglwtcd. Thus, the G m:ltris in 
cluestion bccomea a 3 X 3 matrix with the thrw symm.etry coordinates, 

as its bnsc. 13~ a transformation, 

inhere 

S’ = TS, (6) 

( 

1 0 0 
T= 0 l/l.OlS -0.19/1.01s , 

1 

(i! 
0 0.19/1.018 l/1.018 

G matrix is approximately factored into 1 X 1 and 2 X 2 matrices; both of t#hc 
t,wo off-diagonal elements of the new G matrix, G(,S,‘, 8,‘) and G( &‘, 8, ), arc 
less than one fifth of the other off-diagonal element) G’(&‘, &‘) for every of the 
four isotopic species. T,et us call S;( -&) a* “amino-wagging” coordinak and 
8,‘( = S,) as “methyl-rocking” coordinate. 

The potent,ial energy matrix, F, on t’he basis of the symmetjry coordinates S,,> 
and 8, is assumed to be a diagonal matrix and to be the same for all of the four 
isotopic methylamines. The values of the tno element’s, jU, and jr , were detrtr- 
mined by a trial and error method, so that an agreement is obtained between t,he 
observed and calculated frequencies. The calculat~ed normal frequencies on 
.fil = 0.155 mil1idyne.A and f,. = 0.650 mil1idyne.a are given in the second 
column of Table II. They are in a satisfactory agreement witJh the observed 
frequencies. The vibrational mode in each normal vibration is shown in the 
fourth and fifth columns of Table II by the elements of the L mat’rix, 

S’ = LQ, ( ‘X j 

n-here Q is t)he normal coordinates. As a comparison of the values of these ele- 
ments shows, the vibrat’ional coupling between the amino-wagging and met,hyl- 
rocking modes is greatest in CDJH, , next greatest in CD,ND? , smaller in 
CH,NH, , and smallest in CHJSD, . 

VII. INTENSITIES OF THE \~IBRATIOPL‘AL BANDS 

The relative intensities observed of the bands in each hand system are cs- 
plained on t’he basis of the struct)ure, inOerna1 potential, and the vibrat’ional 
modes determined of the excited met’hylamine molecules. 
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TABLE II 

NORMAL FREQUICNCIES AND NORMAL MODES OF VIBRATIONS” OF THE EXITED MOLECULES 

OF FOUR ISOTOPIC METHYLAMINES 

CHaNHz 

vcdo cm -1 

644 
1014 

tbh, cm -1 

651 
1004 

pi 

Amino wag. Methyl rock. 

1.238 -0.099 
0.318 0.953 

CHaNDz 500 502 -0.967 0.060 
1013 0.250 0.956 

CDaNHz 623 589 1.108 -0.241 

801 851 0.636 0.697 

CDaNDz 488 479 0.920 -0.117 
790 800 0.389 0.728 

a The mode of each normal vibration is directly given by the elements of the L matrix. 
However, if one needs to know the amplitude of each normal vibration caused by a given 
amount of deformation along the amino-wagging coordinate, for example, one should refer 
to the element of the L-1 matrix, instead of the L matrix itself. For calculating a two- 
dimensional Franck-Condon overlap integral in the space of the amino-wagging and 
methyl-rocking coordinates, for example, one needs also the elements of the L-i matrix 
rather than the L matrix. 

For CH,ND, , in the first place, only the ~1’ and ~1~ frequencies appear in the 
spectrum, but no 7~~’ and yzN frequencies. In other words, no transitions with 
Au2 # 0 are observed with appreciable intensities. This fact is related to our con- 
clusion that, in CH,ND, , the vibrational coupling between the amino-wagging 
and methyl-rocking is very little. The Y( or vlN is an almost pure amino-wagging 
vibration, and the change in the equilibrium position of the nuclei in going from 
the ground state to the excited state is represented almost only by the vibra- 
tional mode of v1 . Therefore, the vibrations whose modes are orthognal to this 
mode (for example ~2) should not appear in the band in question. 

In the spectrum of CH,XH? , only one progression (11 transitions) lvith 

Avz # 0 appears. For CD,ND, , three progressions (23 transitions all together) 
with Au2 # 0 are observed, and for CD8NH2 , 25 t’ransitions with Avz # 0 (see 
Table II). How many transitions with Av~ # 0 can have observable intensities 
should depend upon how much coupling takes place betlveen the amino-wagging 
and methyl-rocking vibrations. It has been shown that t’he vibrational coupling 
now in question becomes greater in the order of CH,ND, , CHsNH, , CD&D2 , 
and CD3NH2 (Sect. VI). This order is the same with the order in which the 
transitions with Ava # 0 become stronger. 

The relative intensity of each band in a band-progression should be deter- 
mined, according to the Franck-Condon principle, by the overlap integral of the 
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vibrational state of upper and lower electronic states. E’or CHaSH2 and C’HaNDa , 
in \vhich vibrational coupling between the amino-n-aggin, ~7 and met)hvl-rocking 

modes is little, only the one-dimensional overlap integral, 

(9) 

mar_ be taken int,o consideration. In Fig. 5, the vibrxt’ional wave funct’ions $!I 2 ( C,j,) 
for V1’ = 5, .5, and G and $+,lv(Q1) for z+” = 0 are illustrated as curves. These curves 

show that the overlap integral R(s +-- 0), where ~1’ = 0, l,?, . . . , 12, Oakes a max- 

imum value at vl’ = 5. (For the ground state CHaXH? molecule, there are t’wvo levels 
for PI” = 0 located very close to each ot’her; the separation is less than 0.2 
06 l. Thr I\-ave function of one of these two levels is symmetric with respect8 to 

the operation Q1 --) - Q1 , whereas t,he wave function of the other level is anti- 
symmetric. The overlap integral (Eq. 9) should be calculated by the ~lsf of the 

symmet,ric &,(Ql) if 1~1’ = even and antisymmetric +o( Q1) if 21~’ = odd). Thus, 

the fact that the interlsity maximum appears at, 1’ I’ = 5 in the b:tnd-progrc:ssiorl 
(2’; = 0, 1, “, . . . ) 1”) t (111” = 0) of CH3NH2 has been explained. As shon-n in 

Fig. 3, the energy level with ~1’ = 7 of CHJSD, is ivhnt, is situat#ed nearest tJo t,he 

energy level with ~1’ = 5 of CH3NH2 . Therefore, the fact, that t,he intcnsit> 
maximum appears at, zJ1’ = 7 in the band-progression ( ~11 = 0, 1, 2, . . . , 10 ) + 
(2’/ = 0) of CH,iYD, is understandable. 
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