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The stretching vibrational overtone spectra of PH 3 Local mode vibrational
analysis, dipole moment surfaces from density functional
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The infrared spectra of PHmolecule were recorded on a Bruker IFS 120HR Fourier transform
spectrometer from 4000 to 9500 ch The P—H stretching vibrational frequencies and intensities
were derived from the experimental data. The Morse oscillator paramBigrand « in the
anharmonically coupled anharmonic oscillator local mode model were determined by the
least-squares fitting with the observed vibrational band centers.abhiaitio three-dimensional

P—H stretching dipole moment surfaces were calculated by the density functional theory method.
The dipole moment vectors were projected to three kinds of molecule-fixed reference systems. The
corresponding dipole moment components were fitted to polynomial functions in terms of the P—H
bond length displacements with the molecular symmetry taken into account. The absolute band
intensities were obtained and then compared with the experimental data. The results showed that a
proposed improved bond dipole model can predict the absolute band intensities within a factor of 2
for most of the observed transitions, indicating a reasonably good agreeme200©American
Institute of Physics.[DOI: 10.1063/1.1352038

I. INTRODUCTION first type of studie$~'3 is based on the bond dipole

model®*15 where the molecule dipole moment vector is
The phosphine molecule is a subject of considerableasssumed to be a sum of the individual bond dipole moment

spectroscopic and astronomical interest. Its infrared spectruwectors along the bond directions

is characterized by significant Coriolis and Fermi

resonance$The A;— A, splittings in thev, symmetric and n

v, antisymmetric bending fundamentals have been inten- M=Z Mg . (1)

sively studied®® Similar to AsH; and SbH molecules, the =1

near degenerate, symmetric and ; antisymmetric stretch- . i ) )

ing modes have also drawn some attention to the local modg€re;Mi is the bond dipole function which only depends on

study* Additionally, PH; is important for the studies of the theith bond length ane, is the unit vector along this bond.

atmosphere of Jupiter and Sattfwhere it has already been Various bond dipole functions have been proposed to model
observed. the bond dipole moment. The Mecke-type functforis

The present work mainly contributes to the P—H stretch\Widely applied because it possesses correct asymptotic be-
ing vibrational band intensities. The local mode notationf@vior as the bond length approaches infinity. The Mecke-
(nyn,n3:T)8 will be adopted to identify the vibrational YP€ function contains three empirical parameters which are

states. The fundamentals (18Q) and (100E) were studied adjusted either to fit theab initio dipole moment data
by McKean and Schatand Baldacci, Devi, and R48.The points}”*® or to make the calculated intensities close to the

stretching overtone spectra up Y=3 were recorded by observed value¥'® Though it generally gives qualitative
Wang and Zh hereV = n,+Ny+ns, but the band intensi- agreement between calculations and observations, it fails in

ties cannot be found in their work. In this work, we re-recordS0Me cases due to the neglecting of the inter-bond coupling
the high-resolution Fourier transform infraréTIR) spectra contribution. For local mode molecules and with the bond

up to V=4 and report the band intensities and some nevflipole model, the overtone band intensity will be more in-
band centers. tense than that of the combination b&hdowever, in some

Theoretical calculations on the local mode vibrational€@Ses, the intensity anomaly was found in the experiment, for
intensities of various XH(¥C, N, O, Si, P, As, and so on €xample, the overtone band (408Q/F) is weaker than

. . " . O
bond oscillators can be mainly divided into two sorts. Thell® combination (3108, /F;) in germgné,. ar;tlj
(3000A,/F,) is weaker than (210&/F,) in silane?

Similar phenomena have also been found in neoperitane,
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Gesamthochschule Wuppertal, D-42097 Wuppertal, Germany. ment. So, it means the empirical bond dipole model must be
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improved in order to depict the intensity anomaly, although
it is so simple and has some physical intuition.

Studies of the second type are not based on the boncz |
dipole model. Henry, Kjaergaard, and their co-workers used?” 0.1
dipole moment functions which were expressed as a serie” _
expansion in terms of internal X—H stretching coordinates to 4500 4550 4600 4650 4700 4750
study the X—H bond oscillator intensities in,®, H,0,, 0-121
NHj, HCN, CH,0, CHD,F, CH,, CsHg, and so orfe-?®and 0.08] V=3 (300:4./E)
very recently in GHsCH,.?° Another example is the O—H
stretching overtone intensities of the HOD molecule investi-
gated by Fair, Votava, and Nesbitt.They found that the 0.0 -budhhA" AP WA R IRAAT , ,
observation was in excellent agreement with full three- 6400 8500 8800 6700 6800 6900
dimensional3D) quantum variational calculations based on X -wavenumberin cm
the H,O potential surface by Polyansky, Jensen, andIG. 1. FTIR spectra of Pfimolecule invV=2 (upper panéland 3(lower)
Tennysoﬁl and dipole moment surface by Gabrief al3? regions.' The unapodized resolution is 0.5 ¢miThe sample pressures and
The bond dipole model was, however, found to be not s@bfg;pgzgsgfath lengths are 307 Pa, 15 m, and 3623 Pa, 87Virfarand
successful in these cases. - fesp v

In this article, we use theb initio calculated dipole

moment surfaceDMSs) to predict the absolute band inten- racy of 50 Pa. All the spectra were observed at room tem-

sities of PH and try to depict the intensity anomaly since the yerature which varied from 19.8 to 21.8 °C in the measure-
ab initio DMSs successfully produced the relative and absoent.

lute band intensities of C—H chromophore in CHGTHBI,
and CHE in our earlier work®®3*The outline of the remain- _
der of this article is as follows. In Sec. I, the experimentalB- Analysis
details are given. In Sec. ”I, we report the 3D P-H StretCh- Since the present work is focused on the Stretching Vi-
ing DMSs by the density functional theoffpFT) method.  prational band intensities, only a portion of the interferogram
The dipole moment vectors are projected to three kinds opf the high-resolution spectrum is used to do the Fourier
reference systems, they ai® the one which obeys Eckart transform to get the medium-resolution spectrum with higher
conditions’>*® (2) the one in which the axis directions are sjgnal-to-noise ratio$SNRS. All the resolutions are set to
along the principal inertial axes in the equilibrium configu- 0.5 ¢, and the SNRs are all better than 2500 for the
ration, and3) the one in which the axes are along three P—Hspectrum base lines. The=2 and 3 spectra are illustrated in
bonds. Different dipole moment models are used to fit therig. 1. In the upper panel of the figure, the strong absorptions
correspondingab initio calculated dipole moment compo- centered at 4566 cht are assigned to the (20®;/E)
nents. In Sec. IV, the absolute band intensities are CalCUIatq%ndS, and a C|ear|y R branch of a weak para||e| band as-
and then compared with experimental data. The results al§igned to (1104,)* is located in the high frequency side.
given and discussed in Sec. V, and conclusions are drawn mhe V=3 and 4 Spectra are more Comp”cated due to Strong
Sec. VL. rovibrational interactions, for example, in the=3 spectrum
shown in the lower panel of Fig. 1, the bands centered at
6715 cm ! are assigned to (308; /E) and the more intense
absorptions located at 6885 chare (210A;/E) bands; the
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Il. EXPERIMENT intensity anomaly is clearly shown. Some roughly rovibra-
. _ . tional analysis based on the Hamiltonian model in Ref. 3 has
A. Sample and instrument configurations been carried out on the high-resolution spectref2 and 3

The PH, sample was purchased from Nanjing Specialto get more confident band centers; the results with those of
Gas Company with a stated purity of 99.99%. The high-the earlier work are listed in Table I. Some bands associated

resolution spectra of PHfrom V=2 throughV=4 were with the bending motions are also observed in the measure-
recorded by utilizing a Bruker IFS 120HR Fourier transformment. They are listed in Table II; further vibrational analysis
spectrometer which was equipped with a path length adjus€onsidering the bending modes will be discussed elsewhere.
able multi-pass gas cell. A tungsten source and a,€aF The band intensities are obtained by directly integrating of
beamsplitter were used for all the spectra. A liquid nitrogenthe absorbance spectra

cooled HgCdTe detector and an IR bandpass filter whose votv

cutoff frequencies are 4050 and 5000 ¢hwere used to |(Uo):f
obtain theV=2 spectrum at an unapodized resolution of
0.01 cm%, while theV=3 and 4 spectra were obtained us- where,v, is the band centey, andv are the appropriate
ing an InGaAs detector with resolutions of 0.015 and 0.02values for the integral limits, an8(v) and Sy(v) are the
cm 1, respectively. The sample pressures and absorptionaiansmittance and base line spectra, respectively. The inten-
path lengths were 307 Pa, 15 m; 3623 Pa, 87 m and 8960 Psities with v, and vy are listed in Table I. The absolute
105 m forV=2, 3, and 4, respectively. The pressures werdntensity uncertainties will be discussed in the following
measured by a manometer with an absolute pressure accparagraph.

N N[ S(0)/Sy(v)]d, )

Vo~ UL

Downloaded 20 Apr 2001 to 192.108.70.1. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7020 J. Chem. Phys., Vol. 114, No. 16, 22 April 2001 He et al.

TABLE |. Observed stretching vibrational band centers and intensities of{ 94 uncertainty can be neglected. As to the sample pressure,
PH; molecule. the relative uncertainty fov =3 and 4 can also be neglected,

v o v vy lpl? Ary for V=2 it is about 15%(4) The band overlapping, in Fig.
(nyn,ng:T) cem L cm L cm L 10 22¢m % 1, the P branch of (308, /E) overtones is overlapped with
2v,+2v,”* centered at 6503 cnt and the R branch over-
(100A)° 28211314 45800 lapped with P branch of (2183 /E). In this case, the, and
(100E)°  2326.8766 163000 " 1= . Lo L
(200A,) 456628  6.77 150/188 567 21 vy in Eq. (2) are chosen such that the integral limit is just in
(200;E) 4565.78 the middle of the two neighboring band centers. Because the
(110A;)  4644.66 298 30-40 different band intensities V=3 are comparable and the
(300A,/E) 671460 254  816/834  3.27 21 pand centers are well isolated, this method is reasonable and

(210/A,)9  6881.533  3.93  83.5/128.5 41 22

(2101E)® 6883731 the uncertainty is estimated to be 15% #é#=3 spectrum.

(210hE)®  6890.861 Another one is the overlapping with,B absorption, which

(111A;)"  6971.1576 0.274 0.353 18 is critical for V=4 spectrum. The kD contribution to the
(400A,/E)  8788.0 1.86 188/118 0.802 22 intensity is deleted by calibrating the,d lines in the high-
(310.A,/E)  9040.0 094 134110  0.406 24 resolution spectra with the ones listed in the HITRAN 96
2Obtained with Eq/(2) in the text. databasé’ the corresponding uncertainties are estimated to

%l 4ps=lexp. KT/PIL; herek, P, L, and T are theBoltzmannconstant, sample  be 15% forV=4 spectrum and 5% for (218; /E) bands of
pressure, absorptional path length, and temperature in the measureme@jhich a portion of the R branch is overlapped withH
fespectively.T=294 K is used in the calculation. lines. (5) The base line uncertainty, the Bhines are con-
References 9 and 10. . .
dReference 4. densed and we obtain the base line spectBg(a) from the
®Total intensity of (2004,;) and (200E). area between the lines in the transmittance spectrum
fEstimated from the peak height of the strong lines of fhranch in the S(v), so it also leads to the intensity uncertainty, which
Migh-resolution spectrum. - is estimated to be 10%. It can be seen that the main
Three strong coupled vibrational bands by Coriolis resonance. . . L .
MTotal intensity of (2104,), (2104E), and (210hE). intensity uncertainties come from the pressure uncertainty
'An unperturbed weak transition with a typickil structure of the parallel for V=2, and the band overlapping forV=3
band. The intensity is obtained by integrating all the assigned lines oignd 4. The total uncertainties can be estimated as
(111;A;) band in the high-resolution spectrum. ATot: \/AE+A%+A§+A§+A2, which are also listed in
Table I; hereA; is the ith relative uncertainty mentioned

above.

The intensity uncertainties originate from the following
five reasons(1) T_he I9w SNR, wh|gh is espemally.crltlcal IIL. DIPOLE MOMENT SURFACES AND DIPOLE
for weak absorptions; this uncertainty can be estimated B 0OMENT MODELS
Agne= (v +vy)/SNR. Table | shows the largest relative in-
tensity uncertainty for (31@,/E) is about 0.1/0.94 The procedure to calculate the 3D stretching DMSs of
=11%, here SNR: 2500 is used(2) The nonlinear response PHz by the DFT method is similar to the one used for triha-
of the instrumentgfor example, the detectptto the light lomethanes in our earlier work:2* Briefly, it involves two
intensity at a specific frequency, by comparing thg@Hab-  steps:(1) geometry optimization an(2) single point calcu-
sorption in the high-resolution spectra with the intensitieslations which give the data points on the DMSs. In both
listed in the HITRAN 96 databas®;we estimate this uncer- steps, the B3LYRBecke’s three parameter hybrid method
tainty to be 10%(3) The molecule density uncertainty which Wwith the correlation functional of Lee, Yang, and Parr, which
comes from the pressure, temperature, and the absorptiorigicludes both local and nonlocal terffsmethod with the
path length uncertainties; the last two which lead to less thafi-311+ +G(3df,2pd basis sef are used. The calculations
are performed by using theaussian 94 packagé® The op-
timized geometry with those obtained from experiments are
TABLE Il. Observed band centerem ) associated with the bending |isted in Table [ll; the dipole moment at this configuration
modes of P molecule. and the ground state dipole transition moment from experi-
ment are also listed. It is shown that the agreements are

v (nunng;vp0,4T)? g (Munzng;vpv,4T)? \ :

° Rk - ° e et - good. When evaluating the dipole moment, only the three
ﬁiéégé ggg ((888_? (%Aé))b 2222-223 ((fgg-;ﬁgﬁlge P—H bonds are stretched while the threle-P—H bond
1972.5454 (000: 20A,)° 5540.0 (200:181) angles are kept to the!r eqwhbnum_values. In the_ calculation,
2108.0458 (000; T2 E)° 5645.4 (200:014:T)" each bond length displacement(i=1,2,3) varies from
2940.772 (000;39A,)¢ 6503.1 (200;28A,)°® —0.3 Ato 0.4 A by the step of 0.05 A, Considering thg,C
3214.2 (000;12A,)° 7679.1 (300;1?11F)ff point group symmetry of the molecule, we only calculate the

. e . . . . .
3305.8 (100;18A,) 77755 (300;01% 1) data points at the configurations of=r,=r, to get 680ab
3423.9 (100;0%%T)f 7961.9 (210;0%1%T)1(?) - . . . .
initio data points since the dipole moments at other configu-
3assignment, normal mode notation is used for the bending modes. rations can be easily derivéed.
PReference 3. The calculatedab initio dipole moment vectors are pro-

‘Reference 50.

dReference 51 jected to three sets of molecule-fixed reference systems
eReference 4. which are denoted to bBp,i,, Reck, aNdRgong- 1N Reonds
This work. the dipole moment vectdyl is projected as
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TABLE Ill. Comparison of the optimized and experimental equilibrium geometric structure and permanent
dipole moment of PEimolecule.

This work Expt. £ Expt. 2 Expt. & Expt. 4
Rpy A) 1.4179 1.412 0F0) 1.411 7%50) 1.411 5960)
Sy ) 93.4318 93.400) 93.42160) 93.32820) o
U (Deby® 0.5763 o e e 0.573 9530)

®Reference 4.

PReference 52.
‘Reference 53.
dReference 54.

M(rq,rp,r3)=us(ry,rp,ra)€+uUx(ry,rp,ra)e;

+u3(r11r21r3)e31 (3)
whereg (i=1,2,3) is the unit vector along the P-Hond, ~ Wherei, j, andk are non-negative integerSy, is the expan-
and H is theith H atom in PH. In this work, we lete;, e,,  sion coefficient, andj,=1 if =k, or elses;,=0.
ande; be left handed, i.e. g X &) - e;<0. It can be seen that As to the three components of the DMSsRg;,, Uy,

U(ry.r2.ra) = 2 Chri(rbr+rsrh/(1+6,), (1D

Reond IS NOt a right-angled reference system. The three unitly, andu, have thek,, E,, andA, representations of the
vectors along the right-angled axes»ofy, andzin Rp,, are  Cs, point group, respectively, so we should use the corre-

defined as sponding polynomial functions in terms of symmetric inter-
nal coordinates to expand them. Up to third order,uheu,
e=—(e;tete)l|(e+e+e)l, @ andu, are
g=exellexel, ©) Ux(r'1,72,73) = CloF 100+ CoocE 200 Cl1F 110
=g,Xe, 6
e ©) + CloE 300t CorEs10t ChicEsros  (12)

and the dipole moment vectdd is

uy(r1,72,r3)=CYoE oo+ ChocES00 ClicE 10
M(rq,r2,ra) =Uy(ry,r2,r3) €+ Uy(ry,ra,ra)ey

+ClodEYoot ChiES 0T CHEL, (19

+uZ(rl!r21r3)eZ' (7)
_ z z z z
It is clear thatx, y andz are the principal inertial axes in the U,(r1,2,r3) = Cooot Clo03100T C20052001 Ci105110
equilibrium configuration. In order to get the result with the
a g g 3003300t C2103210+ C115S111,  (14)

best separation of vibrational and rotational mottbrihe
reference system which obeys Eckart conditioriSis also ~ where Cfj, (a=x,y,z,x1x2y1y?2) is the expansion coeffi-
used; it is denoted aRg.. A simple Fortran code which is cient, EIJk andS;j, are the following:
based on the multidimensional conjugate gradient méthod

_ f(opi—]_pi—i_ i-i

has been written to solve the Eckart conditions. It is shown i = (Taf2ra)(2ry ' =r5 1 =r5)/\6, (15)
that the three right-angled axes &f n, and { in Rgg are X _ [P S P g
almost superposed witk, y, andz in Rpg,. The maximal = (rararg) @2ry ! =ry =y NG, (16
Euler anglé® is only 0.01 radian at the configuration of Exk=[2ri(rhrsrsrh) —ri(rhrk+rirh)
(r1,rp,r3)=(—0.3,0.4,0.4) A, which showBp;;, and Rggng
are also the reference systems with good separation of the —rl(r'zr{9,+r'2r'3)]/\/l—2, a7
vibrational and rotational motion. J

Similar to our earlier work®**the polynomial functions EXk=[ri(rorh+rbry) —rh(rir§+riry)]i2, (18)

in terms of the bond length displacements are also used here

pi-i_pi-i
to expand the DMSs. The Rhholecule has the symmetry of Bl =(rararg) (ry '=rg hiva, (19
point group G,, so we have the following relations for EY = (rarars) (=, (20)
U,, andus:
Ua(rg,r2,r3)=Us(ra,ri,rs), (8 ”k [r rJ—r )+r1(r2r3_r2r3)]/2 @1
U3(r1,r2,r3):Ul(rs,rz,rl) (9) I]k [2r1(r r3_r2r3)+rl(r2r3_r2r3
and +rérbri—rirh)1/\12, (22)
ul(rlarZ!rS)Eu(rlirZIrfﬂ) Siii:(rlrzrs)i, (23)
=f(rp[g(ra,rz)+g(rs,ro)l, (10 SijjI(I'1I‘2I’3)j(l’i17j+ri27j+|’i37])/\/§, (24)
wheref(x) andg(x,y) are any functions. The(r,r,,rz) is O RS,
expanded as Sij=(rarara)' (ry '+ry ' +ry HIv3, (25)
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TABLE IV. _Expgnsion cqefficienf’sof the dipole moment surfaces of BH  with themselves with the help of the vector-coupling coeffi-

molecule with different dipole moment mod¢SMMs). cients tabulated in Refs. 43, 44. Some further information
DMM, DMM, DMMS ab_out the relatipns for the DMSs expansion coefficients in

axially symmetric molecules can be referred to Ref. 45.

z b _ _ . .

CEOO 0.354 18198) COZOO 0.5749114)  —0.574 9%14) The dipole moment model in Eq$12)—(14) has also

(o —-1.07827159) C%, 0.91267174  0.91265%74) . S

cB 0.0489534) CZ 0.430 719) 0.406 919) been applied to the three components of the DMSRdg;

s 0585614 Ci. 0145816  0.170G16) we denote the corresponding expansion coefficients to be

Cho 0.055 §11) 2o —0108173 —0.112977) Ciix, herea=¢,£1,¢,, 7,11, 77, and{. For convenience, we

Czlo —-0.053Q@12) Cj,, —0.303@64)  —0.300164) called the dipole moment model in E(L1), in Egs.(12)—

Cont —0.048 1398) an 0.065260)  0.066 359) (14) with Rpyi, and Rggy to be DMM;, DMM,, and DMM,,

ggOO 0'2250559) g§0° B é'égg ;‘;g;‘) :éégg ;ig)‘r’) respectively. The expansion coefficients are fitted withethe

C;éjz 0.039 850 Cig 0005016 0014 116) initio calculated data points. The results are listed in Table

cs, o Cly  0.294483) 0.295 383) IV. In practical fitting, it is, however, not necessary to in-

c%, 0.182350 C¥l, —0.074869 —0.068 669 clude many high order terms which cannot be determined

CPy —0.040Q@42 C¥, 0229968  0.224168) well. All the terms higher than third order are constrained to
rme! (% 10°3) 201 2.87/2.80 2.84/2.81 zeros. TheC§,; andCS,,in DMM are also set to zeros for

- _ - — the same reason. For illustration, parts of &einitio calcu-
@Units are defined such that the dipole moment is in Deby&.835 64 lated dipole moment a|0ng P—II'H)OHd are plotted in Fig. 2,

x1073°C m), the bond length displacement in A. The value in the paren- - -
theses is one standard error in the last significant digit. For QMM and where the correspondlng results fitted by Diirdre also

u; are obtained with Eqg¢8) and(9), while x and ¢ components in DMM shown.
and DMM; with Eq. (27).

PFor DMM,, using » ands instead ofy andz.

‘Constrained value.

YRoot mean squares of the fitting residual.

®For z andy components, respectively.

fFor s and » components, respectively. IV. INTENSITIES CALCULATION

o . o ' The absolute vibrational band intensitycan be calcu-

Sik=[ri(rhrs+rsrh)+ri(rirs+riry lated as
Kepipi o pi gl
+r¥rbri+rirk)]/y6. (26) oo 873, L exd — hcvg (NIM[0)?

In Egs. (15-(26), i, j, andk are integers, and>j>k=0. vo)= 3hcQ,(T) X kT { N
Here, the coefficients of andy components of the DMSs (28
also have simple relations similar to those for CHX
moleculed* Here |0) and [N) denote the vibrational ground and excited

X —c Cl_cyl  C2—_ o 27 states,vq is the transition wave numbgﬂj is thg sqmple
ke gl ke ke i 1jk: temperature in the measuremef,(T) is the vibrational
The form of these symmetric terms can also be constructepartition function at temperaturg c is the speed of lightk
by coupling the linear termS,qy, E’o, andE}y,repeatedly andh areBoltzmannandPlanckconstants, respectively. The

o.7u1 0.791 o.7l:I1

- ® (-02-0.3) . ® (0.0,-0.3) 3 ® (02-03)

9 061 b4 A (02,00 08 iy A (0.0,00) 087 1 I A (02,00

8 o5 v (-02,03) 05 f v (0.0,03) 0.5 H : v (02,03)

=1 i

O a4 "3 0.4 i 04 i :

] i i

Q 03 i 0.3 i 0.3 i

Q ‘ H H .

B 029 : 02 3 02 s FIG. 2. The dipole moment along

v v H - .

£ o] P 01 P 041 . P—H, bond in PH molecule varying

£ . - . .

Q0.0 : 0.01 : 0.0 3 with r; at different values of, and
0.1 LIS : ;o ! . r;. Values in the parentheses arg
Y NN V'S S— 02 — andr ;. Units are defined such that the

-03 -02 -01 00 01 02 03 04 03 02 -01 00 01 02 03 04 03 -02 01 00 01 02 03 04 . . .

u r, L r, dipole moment is in Debye
0731 0791 (=3.3356410°%°Cm), the bond
06> :igggg)) 063 _‘__Egggg)) length displacement in A. The upper

_ 05 e (0.0, 0.3) 054 —(02,03) panel is for theab initio calculated di-

E 0.4 04 pole moment, and the corresponding
Q ;) 0.3 result fitted by DMM is in the lower

Z o] 02 panel.
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TABLE V. Calculated band centefén cm™?) and intensities (in 10?2 cm) with ACAOI Hamiltonian and
DMM,, DMM,, and DMM; dipole moment models. The observed intensities are also listed for comparison.

(ngnzng;T) Vo calc. Iomm, Iomm, Iowm,, l obs.
(100A,) 2320.78  62300/262000 61600/262000  61500/260 000 45 800/209 000
(100:E) 2325.56 200000 202 000 198 000 163 000
(200:A;) 4561.91 222/637 219/637 250/615 /567
(200;E) 4562.30 415 418 365
(110:A,) 4645.06 21.6/21.6 21.7/21.7 30.3/30.5 129.8
(110E) 4649.68 0.00572 0.006 05 0.215
(300:A)) 6714.85 0.244/5.85 0.080 8/9.60 0.302/12.1 13.27
(300:E) 6714.88 5.61 9.52 11.8
(210A)) 6881.62 3.94/6.39 4.18/6.65 4.69/9.96 14.71
(210E) 6884.00 0.361 0.347 0.426
(210hE) 6888.95 2.09 2.12 2.02
(111A9) 6972.49 0.114 0.116 0.124 0.353
(400:A,) 8781.89 0.570/3.55 0.150/4.41 0.100/4.76 /0.802
(400:E) 8781.89 2.98 4.26 4.66
(310A)) 9037.10 0.237/0.428 0.254/0.446 0.276/0.464 /0.406
(310;E) 9037.60 0.0146 0.0159 0.0121
(310hE) 9040.51 0.176 0.176 0.176
(500:A1) 10763.26 0.125/0.669 0.043 1/0.803 0.0350/0.847
(500:E) 10763.26 0.544 0.760 0.812
(600:A,) 12 658.97 0.0220/0.111 0.008 21/0.131 0.00706/0.137
(600:E) 12 658.97 0.0886 0.123 0.130

Alogb 0.31%0.715 0.3630.836 0.3820.880

@The value under / is the total intensity of the bands with the same quantum numbens .
bLogarithmic deviation defined in E¢33) in the text, the value in the parentheses is in the natural logarithm.

spectra were recorded at room temperature and the lowestherey;=1—exp(—ar;), G,,=1/my+ 1/mp (heremy is the

vibrational transition wave number of the PI4 992 cm 2

mass of the H atom andhp the P atomy, G,,=cos(p)/mp

[1—exp(—hag/kT)]=1 and Q,(T)=1 can be applied as and ¢=93.407° is used in this workp; is the momentum
good approximations. For dipole moment vector expressedonjugate tor;, D, and « are the Morse potential param-

as Eq.(3) in Rgyng, We have
1 (v0) =Kuo[UZy+Usy+ U3y +2 cog )
X (UgnUzn+ U NUsN+ UanUsn) ], (29
while for Rp,i, Or Reg (USeé, 7, { instead ofx, y, 2), it is
(30

In Egs. (29) and (30), K=4.162 375% 10" *°*cn? Debye 2

(making use of 1Debye3.33564<10 3°Cm), ujy

=(N|uy;|0), herei=1,2,3, orx, y, z, and ¢ is the optimized
H—P—-Hbond angle in Table III.

— 2 2 2
[ (vo) =Kuvo(Uin+ uynt Uzn)-

The vibrational wave functions are calculated variation-gjieq
ally based on the anharmonically coupled anharmonic oscil= 74 50 1 A —2

lator (ACAO) local mode modet>*® The stretching vibra-
tional Hamiltonian is

3

H=2, (%G”p?wey? + 24 (GrpipyF Pt ),
(31
or
° (1
H=2 (56rrp?+Dey?)
i=1
° 1
+i2<j Grr’pipj""?Frr’inJ)v (32

eters, andr,, is the inter-bond potential coupling parameter.
The models in Egs(31) and (32) are called ACAOI and
ACAOII, respectively. The method to construct the symmet-
ric wave functions and the Hamiltonian matrice has been
described elsewher&?*” some further references about the
elements of the momentum and position operators in the
Morse functional basis can be found in Refs. 8 and 15. The
D. and « are optimized by the least-squares fitting with the
observed vibrational band centers listed in Table I, while
F,,» which cannot be determined well in the fitting is con-
strained to the recentlgb initio calculated value by Wang

et al.in Ref. 48, where the adjusted valuesqf, andF;; are

to calculate F,.,. The results are F,.
D,=33890(125)cm! and «
=1.57474(323) A for ACAOI, D.=33875(118) cm,

and =1.57519(307) A* for ACAOII. The value in the
parentheses is one standard error in the last significant digit.
The maximal vibrational quantum numb¥p,,, is set to 12

in the optimization. The band centers of (28Q/E),
(400A,/E), and (310A,/E) in Table | are found to be per-
turbed to the higher frequency side by about 3—6 tm
which can be explained by the Fermi resonance with the
bending modes from the lower frequency side. These band
centers are discarded in the optimization and all others are
unit weighted. The root mean squaregms) of the fitting
residual are 1.05 cit for ACAOI and 0.99 cm?! for
ACAQOII. The band intensities have been calculated accord-
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TABLE VI. Calculated intensities (in I0?cm) of (210A,/IE/hE)

-
o
>

g . 1 = s Obs. bands with, only with, and without2,, term in the improved bond dipole
E 10 e DMM, model (DMM,).
S gt 4 DMM - -
sE 10 . DMM: (nynyng;T) With C%,, Only with C5,2 cB=0
2 10 ok (210A,) 3.94 1.04 0.926
£ 10 (210JE) 0.361 0.125 0.0601
S .y (210;hE) 2.09 2.82 0.0543
c L)
£ 10 v v
= . > Cad 2All other coefficients of DMM in Table IV are set to zeros.

10° n

n L.
107 v

' ' ' . constrained to zeros. TH&5,, is set to zero in DMM, while
100 200 110 300 210 111 400 30 both C%y, and CYy, are fitted in DMM. So, practically,
e DMM | is not equivalent to DMM. It is easy to understand it
FIG. 3. Absolute band intensities of Bitholecule by observation and cal- becauseCE,, means the third order contributions from the
culation with different dipole moment modelBMMs). displacements of P-Hand P-H to the dipole moment
along P—H, which will be small in physical intuition. This
. . point is also shown in Fig. 2, where the lineswgf varying
:SI?/II:/(I) Egsl\'/l(l\zﬂg) Znnd d(3DOK./| Jghilrreesliil'[tes dbi%1 A"I'Caﬁlzl \\7 'tcv;ng with r at different values of , andr 5 are almost superposed
thosel’by ACA%OII which are almost the same have bee with each other. Equaliof85) shows that bo_tlﬁ:éooandcg’oo
omitted 'have the contribution from the well determined valueCgs,
' (see Table 1V, so none of them can be constrained to zero in
the fitting. If the Cgy, is fitted in DMMy, the result will be
V. RESULTS AND DISCUSSIONS CB, .~ —0.0567(58) Debye A3. Only from the one stan-

It can be seen from Table V that the predictions agreedard error in the parenthesis we cannot say the value is not

with the observations reasonably well. Logarithmic well determined, but it is largely correlated wi@f;,. The
deviatiort? is defined to yield the estimation of the agree- correlation coefficiert? is —0.79 and the root mean squares

-
o
N

ment of the fitting residual only decrease from 291072 to
Ndat, o NE 2.84x10 ®Debye. The fitted value of0.0567 can be con-
ata n-n-n . - - ; alu : -
A2 = D |0910M , (33) sidered as “noise” from theb initio calculation which may

not be accurate enough to determine such a high order coef-

where ny,, is the number of the experimental data points ficient. The advantage of the DMMover DMM, is that we
oo nda;]a) and! ,p(Nyn,ny) are ca[I)cuIated and obszrved,can remove the noise in the first dipole moment model but
calcd 71772773 obs 11172713 cannot in the second one.

total intensities of the bands with the same quantum numbers Comparing DMM with the bond dipole model in Eq.

N1N2N3 (1), it can be seen that there are ofilff, terms in the latter,
so DMM; can be called an improved bond dipole model
|(”1”2”3):; I(ninzng; ). (34 pecause some inter-bond coupling terms are introduced.
) ) ) From the second column in Table 1V, it can be seen that all
lons(N1N2N3) and lcae(Ninang) with different dipole mo-  the coefficientsCE s are relatively large, and the others are
ment models are also shown in Fig. 3. The logarithmic desma)| excepC?,,. It is shown that the empirical bond dipole
viations are 0.311, 0.363, and 0.382 for DMMDMM, and el is able to work well in some cases. However, it fails
DMM3, respectively. It is also shown that the intensity sometimes because of the neglecting of the relative large
anomaly can be predicted by DMMbut cannot by DMM  jpter-hond coupling terms, such as @B,y 1(r2+r2) in PH;
and DMMs. The ratio of1(210) to1(300) is 1.44 in the pgjecule. The relatively large value 6,4 is assumed to be
observation. The value is 1.09 by the first dipole momentne main reason which leads to the intensity anomaly ig. PH
model, while only 0.696 and 0.575 by the latter two.  Tpe contribution ofCE,, term to the intensities 0f210;
From Egs.(3)(7), it is clearly seen that in principle A /|E/hE) bands is shown in Table VI. We can see from
DMM , is equivalent to DMM because all the coefficients in yhe taple that the calculated intensities become much smaller
DMM;, are the linear combinations of those in DMy the CB,is set to zero.

aid of Egs.(4)—(6). For example In Table V, we can see that DMjproduces the similar
( éoo) ( —v3cog6) —2v3cog 9)) Cgoo) @5 Lr;tlegsllzt)y ;_tar]§ult Ias that lt;y ]E)MMexc%p.t aTV?3r|y \II{//eakhband |
y |= . . B | ; E). This also can be forecasted in Table IV, where a
Choo | ~\Bsin(0)/2 B sin6)/2 ]| Cozo the coefficients of DMM and DMM; are almost the same
where ¢ is the angle between P—H bond and the threefoldexceptCy,, which is only 0.0050 Debye 2 in the former
axis of the molecule in the equilibrium configuration, andwhile 0.0141 Debye A? in the latter. Considering the loga-
6=sin 2 sin(@/2)/v3] with ¢ being the H-P—H bond rithmic deviation of DMM is even larger than that of DM
angle. As mentioned in Sec. lll, in the practical fitting of the and thatRg. only rotates very small angles froRp,;, as
DMSs, the coefficients which cannot be determined well arenentioned in Sec. lll, it is shown that the Eckart conditions

log™
9 ndatan1n2n3 obs(nln2n3)
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are not crucial in studying the stretching vibrational bandthis problem. An improved bond dipole model can predict
intensities of PH molecule, so we propose that it is not the intensity anomaly at the second overtone by introducing
necessary to use the Eckart reference system in similar prolsome inter-bond coupling terms to the bond dipole model.
lems, such as the stretching in Ageind SbH molecules. Remained discrepancies between the calculation and obser-
Although the improved bond dipole model (DMM  vation were also discussed. The improved bond dipole model
which has some physical intuition and can predict the intenis readily applied to the four-dimensional stretching DMSs in
sity anomaly in PH seems better than DMMand DMM;, SiH, and its isotopic species, which is being carried out by
there also exist large discrepancies between the calculatiaour group.
and the observation for some bands, suchl@sll) and
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