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Abstract
MINDO/3-FORCES calculations were carried out for the vibration frequencies

and IR absorption intensities of phenanthrene radical ions. The obtained frequency

values were compared with the experimental values when possib

le. It was found that

the C-H stretching frequencies are directly related to the carbon o~ electron densities

of the relevant atoms.
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Introduction .’
The wvibration spectra of polyaromatic
hydrocarbon cations gain increasing importance
due to their assumed presence in the interstellar
spaces and their expected ecological jmportance.
Efforts were done to study their spectra both
experimentally and - theoretically. As for the
phenanthrene radical cation, Hudgins et al. [1]
studied its vibration spectrum, applying the
isolated matrix technique. Langhaff [2] and Yang
Ling et al. [3] studied its spectrumtheoretically,
applying quantom  mechanical methods. The
phenanthrene radical cation was generated then
through y-irradiation of the neutral molecule (4,3 5]
or of the molecule in isolation mafrix [6]. It is
known to undergo electron transfer .reactions
[7.8].
In former papers we applied the, \MNDO,J-
FORCES method [9] for the calculation of
molecular geometries, vibration frequencies and
IR absorption intensities of different aromatic
hydrocarbons as well as their radical cations and
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anions. Both va]ance"anrl symmetry assignments
of the vibration modes could be accomplished
applying group theoretical considerations [10]
and the so-galled atomic partial participation
(APP) values [11]. Graphical representations of

“the vibration motion of the atoms for each mode

could be obtained applying the DRAW.MOL
routine {12]. As for the phenanthrene radical
anion no such study had been reported, neither
experimentally nor tfieorétioaliy.

Results and’ Discussions

According: to  former theoretical and
experimental rssu‘t% [1-3] the phenanthrene
radical cation shows Ca, symumetry, similar to the
neutral molecule. Fig. 1 shows the numbering of
the atoms as followed in this paper.




Rehab et.al. Iragi Journal of Science, Vol 46, No.1, 2005, PP.27-39

K7

(b)

(a)

Fig.1. Structure of the phenanthrene radical cation, Shawing; (a-) the numbering of the C and H atoms;
and (b-) the designation of the atoms in the molecule.

considerations, 55 modes are expected to be
Raman and IR active (10B; + 22B;, 23A4) and
eleven modes (11A,) should be IR inactive and
Raman active. The present calculations agree
following picture, (23A; + 22B1) inplane, and with these expectations fully. Fig. 2 shows
(11A,+ 10B;) out of plane vibration modes. DRAW.MOL plotted graphical pictures of two
According  to the group  theoretical vibration modes of phenanthrene radical cation.

The Cg axes falls in the molecular plane and does
not pass through any of its atoms. The number of
its vibration modes is 66 (3N-6). They are
classified symmetrically —according to the

Out of —plane (vgo, B2, 867)
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Fig. 2. DRAW- MOL plotted graphical pictures of two vibration
modes of phenanthrene radical cation.
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Table 1 includes the
caleulated equilibrium geometry of phenanthrene
molecule

radical cation, anion and neutral
compared with other calculated —geometric

values.The calculated equilibrium- geometry of

both cation and anion were applied then for the
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evaluation of their vibration frequencies, Table 2,
and normal coordinates coefficients,. The so
obtaitied coefficient values were supplied then to

~ the - FIRAW.MOL program to draw the graphical

pictute of each vibration mode, Fig. 3.

Table 1. MINDO/3-FORCES calculated geometry of phenanthrene radical cation, radical anion and

results -ﬂailable in the &‘rcramre.

neutral molecule compared with some caleulated and experimental

! L Cation B ;
| Length(d)/angle (deg.) : N ‘ Catcd® | P | Neutral Ca{cdﬁ_;f!
. | .
U SIS S — -
C-CY : 1453 1.4305 1.453 1.437 ’
B i 1.389 ‘ 1.3828 ‘ 1.387 1388
| G ! 1.413 1.4055 ’ 1.412 | 1417
GGy : 1.412 | LAl | 1.409 : 1.389 w
CeC | 1.418 | 1388 1.419 | 1.440 |
| <0 ‘ 1.412 1.4031 :’ 1.407 | 1.361
CC | 1485 1.4393 ‘ 1.486 1.456
et | 1.421 1.4078 1 1.42] 1.464
| =, 1.499 1.4668 | 1500 : 1.494 '
T H,-C, 1106 i 1.109 ' 1.107 ‘
| H,-C 1102 | e : 1112 1.105 F
1104 | e ! 1.107 | 1.105 |
1.106 —— ‘ 1,112 1.107
Lige | = ‘ 1110 1.107
GG Gy 1324 e 122.7 12227 = ‘
I <C, GG 1188 | e i 1202 . 119.3 ;1:
| <C; G35 Gy , 120.8 | © e | 118.8 1227 i
<CCu i 122.5 -------- : 1225 | 122.0
<CC, 0y | 118.5 R : 1174 | 118.7
<CyC,CYy | 1ues | e 116.5 116.1 ,
<CyCyCy 1190 | | ceemeese- 118.9 ‘ 116.0
<H G G l 199 |, | e 118.9 | 119.3
| <H, C, Cy | 120.4 e 119.6 J 120.0
<H; G5 Ce | 1 < || e 120.6 ! 120.0 :
£ 108 | e 5 119.6 116.3 '
17.1 | 1160 : 117.4 !
119.4 — 119.0 118.0 |

29
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Table 2: Calculated vibration frequenties
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and normal modes of phenanthrene radical cation.

a4

Table 2 con.

Syrmmetry Frequencies com™
Des‘::;;‘rion This work Others
, Calcd ™
A, Scaled Caled™ Caicd,? Expil i
V) CHj str 3091 | e searenn
vy CHp: str. +CH,: str 3076, | o= —meeee it
V4 CHyg,jo Str. x(1]:5 SN (Rt L
Vi CH,, str.+CH str. 3062 | @ ewee e
Vs CH,. str. 2059 e e
Vs ring(C-C) str. 1606 1607 1582 1558
vy (Co-Cro)str+ (C,-Cp)str. 1550 1550 1533 1551
Vg (Cp:-Cp)str.t (C-Cy)str. 1505 1515 1513 1513
Vo (C,-Cyistrt (Cy-Crplstr. 1k | e e
Vi (Co-Cylstr.&(Cy-Cy)str, 1355, i eseeses nmmean
Vi | (Cy-Cp) str+ (Co-Cplstr. 1296 | e} | T
¥i5 ring(CCC) str. 1295 | e erennn 1267
Vi3 ring(CCC) str.+ 6CHg 9109 1249 1249 1263 1259
vie |JPCH, +6CH: 1248 1207 218 1228
vis  [0CHp 0+ 8CH G i 1175 s B
vis  |oCH, + 8CH, 1169 | s} e | c
vz IBCHp+ 8CH; 61 | e | e} e
Vig 1061 | e B
Vig 858 | 00 ceemeee ] e ] e
Von 766 T I R
iy 556 | e | e | e
Vi 417 S e
o gaa T e | e
B,
vas | CH st 3090 ] e | e | e
Vig CHg: str.+ CH,- str. 3075 T e
V37 CH,str.+ CH, str. 3061 | e T
Vig CH, str. 3058 | 0 e | e s
Vig CHg,10) 8- 3055 0 e} e e
Vg (C, -Cg)str.+ (Cg Co)str. 1559 1570 1565 1565
var  §(Cy-Co) &(Co-Cip)str 1521 1521 | e | e
ve,  fring(CCC)str. 1512 1505 1496 | -
vy ring(CCC)str 1408 1424 1419 | -
vee  fring(CCChstr, 1377 1415 | e
ring(CCChstr.+6CHg 1 1299 1316 1309 1 e -

[' Vag {aCH  +8CHp

s
1272

30
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5CHg,joy + 8CHa, 1221
_8CHj + 8CH,,- + 8(CCC 1170

SCH.+ 6CHy 1159

5CHp + 8CHp:

ring) CCC) + 5CHys 10,09

ting) 8CCC)

ring (8CCC)
ring (8CCC)
ring (BCCC)
ring (§CCC)

‘CHeg oy + YCHip gy
yCHp + yCH,

yCH,,: + ring(yCCC)
1{Ca-Cy) + ¥CH,:
yCHg+ vCHg + yCH,
ring(yCCC) +yCH,
ring(yCCC) +vCH10
¥(Co-C1o) + ¥CHio 10y
ring(yCCC)
ring(yCCC)

——

yCHE + YCH,

yCHa+ vyCH,

yCHe + ¥CHg

CH (9 10y + YCHL:
yCHg, 109+ YCHp o0 )
¥(Csr Co) +yCH,
ring(yCCC) + yCH
ring{yCCC) +¥CHez)
[ring(yCCC)

ring (YCCC)

Scaling factors; 0.876 (CH str.); 0.96 (ring (CC) str.); 1.00 (ring (CCC) str); 1.06 (6CH); 1.08
(ring(3CCC); 1.11 (yCH); 1.11 (yCCC); 1.03 (yCO).

Special scaling factors were used for vibration modes with overlaps of different types of motion;
1.00(ring (CC) str. + 6CH); 1.00 (8CH + ring(CCC str.)); 1.00 (ring 8CCC + 8CHY; 1,06 (ring (CCC)
str. + 8CH); 1.11 (yCCC +yCH) or (yCC + yCHY; 1.03 (yCH +yCC).
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Fig. 3. Graphical pictures of some vibration modes of phenanthrene radical cation as drawn through the
DRAW. MOL routine.
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frequency assignments according to their:APP
values and DRAW.MOL pictures, Fig.3. Table 3
includes the calculated IR absorption intensities

Similar to the calculated frequencies of the
neutral molecule [13], those of its radical cation
show a close agreement with both experimental
and ab initio calcd‘;ated frequencies. No such of the radical cation. Table 4 shows both
comparison could be done for the radical anion. vibration frequencies and IR  absorption
The numbering of the vibration modes was done  intensities for the radical anion as calculated with
according to the Herzberg convention [14] their  the MINDO/3-FORCES method.

Table 3: Calculated IR absorption intensities and normal modes of phenanthrene radical cation.

Symmeltry Intensities km/mal
And This work Others
Descripfion Calced. Calcd | Caled.
Ay
vy {oCHp str. 088 | e e
Vi CHp: str. +CH, str 2310 fF 0 e e
%) CHys 1) str. 3012} e e

ve | CHg str.+ CH, str.

Vs CHyst. | 1946 | e
vs | ring(C-C) str. 15.8 231
v | (Ce-Cipstr+ (Cy-Cp)str. 108.9 1157
vy | (Cy-Cplstr + (Ce- 6.97 10.8

ve | (Ca-Cy)strt (Co-Cip)str.
Vig (C,-Cystr.& (Cp-Cy)str.

Vit (Cy-Cg) str+ '(Cu—Cé-i)Stl‘.

viz | ring(CCC) str.

viz | ring(CCC) str +6CHp 5,10y 9.9 16.1
vie |6CH, +8CH, 40.9 30.1
vis  [BCHeg 109+ 8CH sy 004 | e e
vis |PCH, +8CH 173 ] =
vi7  BCH + 8CHy 0.00 | e s
vis [6CHa+ 8CH, 10+ 8 (CCC) NP T T
vy | ring (8CCC) (005 T I — —
vy | ring (BCCC) 007 | e e bem
vy, | ring (8CCC) 006 | e e
vas  {ring) 8C,CoCp) &(CoCuCp) 0.08 e mmnes
vy |ring (5CCC) 0.00 ST I
B i
vis | CHgstr. | 28.87 , ----------------
vis | CHg str. 4 CH,: str. 849 | | eemeeeee | mmeeeme-
Vi | CHystr, + CHye str. ¢ v/ TR S ————— SRS
) vag | CH, str. Fagi 4 ] s cesssdbes
Vig CHs10) str- 423} - mememae- R

vio |(Ca-Cadstr+ (Cp Custr 139.44 213.3 184.0
V41 lca— Co) &(Cp-Cyg)str. 124.02 164 | 0 eemee—-
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Table 3 cont.

vep  |ring(CCC)str.

Vs ring(CCCstr.

vas | ring(CCC)str. 1.75 142 | e
ves | (Ca.Ca)str.+8CHe 10 213.13 228.2 186.4

vis  [BCHg +8CHp 100
var  [0CH/g10)+ 0CH, 0.00 54.1
Vas 8CH + 5CH, £ R IS
5CH, + 5CH; 0.42
ves  |SCHs+8CHg 4.67
Vi ring (8CCC) + 0CHs 10,a) 13.13

vs; |ring (3CCC)

vs; | ring (BCCC) 001} e e

vse |ring (3CCC) 8.10 453

vss | ring) 3CCC) s3(01 S It s
vss  |Ting) 8CCC) 52 0 e | e
A,

(.00 chaiemEE 00 ] 200 eeesseas

Va4  ¥CHp +yCH,)
Vos  [WCHe10y+ YCHee gy

vas  ICHa+YCH,

Vo [YCH, + ring(yCCC) 0.
vag  CaCo)¥ ¥CH, 0.00 S
vss WCHg+yCHg +¥CH, 0.
vy | ring(yCCC) +yCH.
var | ring(CCC) +¥CHp, 101 000 | e e
vas  (Cs-Cio) + YCHis 0 o e B
vy | ring(yCCC) gog F 0 e | TR
vse |ring(yCCC) 000 | e

vs;  [fCHp + yCH,: 1.10
vss  CHg+vCH,
vse  [fCHa + YCHp 0.10 5.0
veo [YCH 9,10y YCHa 2.80

Vs 4.95 34.5 38
V3 017 | e e
Va4 1.31 9.3 10.0
Vg 1.52 63 | e
0.22 e, | sseubdes

Ll
s
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Table 4: Calculated vibration frequencies and IR absorption intensities phen anthrene radical
e Anion.

Frequencies cm Intensities km/mol

Symmeitry
This work

And

Description

OCHg: str.

CHys,qy str. + CH1g, oy Str-
CHyg, 0y str. + CH, str.

CH,: str.

CHj str.

(Co-Ca) str.— (Cp-Cy)str
(Co-Cyp)str.t (C,-Cg)str,

‘ a)str.+ (Cy-Cy)str.
ring((Co-Cg)str.+ (C.-Cy)str.)
ring ((Cy-Cy)str.+ (C-Cystr.)
ring(CCC) str.

ring ((Cy-Cy) str.&(Cy-C,) str.)

( C,]* C str.+ C“'\:\I'{{_J

5CH, + 8CH, ring (3CCC)

SCHs 10y + 8CHp o
8CH,, + 6CH..-
S5CHz+ 6CHg
SCHs 10yt SCHp
ring (8CCC)

ring (8C,CaCp')
ring (8C,Ca C,
ring (8C;C.C,)

ring (8CCC) . 248

CHg: str. 3032
3009
2990

(Hst
C}'E.{g‘-g‘) str.
CH,- str. 2987

CHg str. 2983




Rehab et.al Iragi Journal of Science, Vol 46, No.1, 2005, PP.27-39

Table 4 cont.

vag | (Co -Cpelstr.t {Cq Cp)str. g 1571 112.41
var | (Co-Costr. & (Cy-Cy)str. g 1515 223,12
Ve [ (Cy Cylstr. & (Cy Cystr 1438 187.74
Ve | ring (Ci-Cylstr.& (C-Costr: = ‘ 1404 6.11 ’
V4 | ring(CCC)str. 1391 5.53
vis | 5CHis10 1302 104.47
vas | 8CH, +8CH, 1255 3235
Ver | 8CHs 10+ ring(CCClstr. 1218 48.24
Vag BCH + 6CH, 1175 1.93
ves | 8CHp+6CH, 1172 7.94
vss |8CH; +8CH,; 1165 0.11
vs; |ring (3CCC) +8CH 10) 999 15.52
vs; | ring (8CyCsCa). 863 4.72
vsy | ring (8CCC). 716 4.89
vss | 1ing (8C4CpCo ). 611 0.38
vss | ring (8CCC). 506 0.54
vss |ring (6CCC). 450 0.01
Vaq yCHs 954 0.00
vis | ¥CH, | 912 0.00
vas | YCHug 849 0.00
4 va;  |¥CH, + ring(yCCC) 755 0.00
vag  |¥(Ce-Ch) + vCH, 799 0.00
vae |YCH; 756 0.00
vag | 1(Cy-Cy) +7CH, 560 0.00
va; | ring(yCCC) + ¢ 525 0.00
vaz | 1(Cs-Cio) 357 0.00
vy | ring(yCCC) 260 0.00
vag | 1ing(yCoCsCu) 83 0.00
B,
ver | vCHg 955 3.9
vsg | YCHe 913 1.18
vss | ¥CH. 818 2.06
ves |YCH (510 + YCH3 761 236
ve: [rCHp 0.03 Vi
Ve (C-Co)+YCH s10) 2.62 Vez
vey | ring(yCCC) +¥CHy 0.75 Ves
vee | ring(yCCC)+ yCH,+yCHe 0.46 Ve
Vg ring(yCCC) 0.69 Ves ’
Ve _ring (v, CpCo )] 0.04 Vice

36
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Scaling factors: (1 876 (CH str.); 0.96 {ring

(ring(8CCC); 1.11 (yCH), 1.

Str. +0LH) 1.11 (yCCC +yCH) or (yCC + yCH);

Iragi Journal of Science, Vol.46, No.1

(CC)
1 L‘»UCL‘), 1.03 (yCC).
Special scaling factors were usecl for vibration modes with overlaps of

1.00(ring (CC) str. % S(‘H); 1.00 (8CH + ring(CCC str.));
1.03

2005, PP.27-39

) str); 1.00-(ring (CCC).str); 1.06 (BCH);

different types of motion;
1.00 (ring 8CCC + 8CH); 1.06 (ripg (CCC)

"(.H Y

Of interest is the umwa‘.natm of the vibration h\quem ies of the different C-H bonds, as well as the

different C-C bonds of the three species, with

gach other. For the C

C-H stretching modes we find that,

pener af!\f and T()z both ions, the symmetric vibration frequencies are higher than the corresponding
ann\vmmctm vibration frequencies and for all C-H bonds, That is;

» GH str. > Vagm CH str.

Purthe;, dlrfelen* CH bonds exhibit different vibration frcquenuea 1.e.

Veym CHg SiT. > Vagum CHp str. > Veym CHps o StI. 2

\“t,;,f'.r.CHf;,W

V%},:“CH_-:- SI. 2 Ve CHg sttt > \—‘?__Ey,,ICH[g_;'_:.ﬂU".

For the radical anion the following comparison holds;
¢ CH, str.

VeyinCHg 8.5 VagumCHostr. > VgmCHs 1) S Ve

For the C

anion. As e
constants;
Vg 1Ng(Ce-C
Vgering (Co-Cp)

And for the anion similar correlation holds.

&(L Chlstr

S, > Vagym 110g(Ce-Co) str.

gy ST > Ve CHaw o ST > Vagym CHy4 o str.

aa;,:p:'ing(ca'(ﬂz)&( C-h'

- Vasym (H‘ +o SEI.

> Vg EHg: i1

>VmCHg str.

C-C frequencies different values are calculated for the different bonds of both cation and
expected the differences in the vibration frequencies are

due to the different C-C force

Cg)Sh’.

In general, comparative correlations of similar type might be concluded from the frequencies of Table
2 and 4 for the other types of vibration, i.e. 3CH, yCH and yCC modes.

Interionic Correlation
The frequency values of the vibration modes in
Tables and point out to . systematic
correlations between the frequencies of the
different species. This fact is mostly obvious in
the case of the C-H stretching vibration, for
which the following general relation holds;

vsym CH str..~ > vasym CH str. > vasym CH str.

N
L

This interesting result shows that in general the
C-H str. Frequency of the radical cation are
higher than those of the neutral molecule and
these are higher than those of the radical anion.

This influence of the molecular charge might be
explained in term of the

following consideration;

the excess charge is distributed among the carbon
atoms of the ring. The negative charge repels the
celectrons of the corresponding carbon atoms
and thus decreasing its C-H bond order and the
C-H vibration frequency. The positive charge is
also distributed among the'electrons. The positive
charge attracts the celectrons of the carbon atoms
increasing  its : density,  and
correspondinly  its constant and
vibration frequency. o

In fact the calculation for the celectrons densities
for all carbon atoms shows the following order;

opC.+ > 6pC > opC.-

aelectron
C-H force
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Fig, 4 shows the correlation curve betw

Fig 4. Graphical correlation of the calculated -
pC at different C atoms with the corresponding
C-H vibration frequencies for each C atom in
phenanthrene radical anion , neutral molecule and
cation (C14H10) .-,(C14H10), and (C14H10) .+

No general, systematic correlation could be
established for the other valance modes of
vibration. This fact indicates a variation of force
constant values for the different vibration modes.
Considering the C-C stretching vibrations the
frequencies for the different charge species vary
according to the following picture;

v(C9 - C10) > v(C9-C10).- =V (C9-C10) .+
v(Ca - CBY > v(Ca' - CP')-> V (Ca’ -Cp™ )+
v(Cp* - CB) > v(CH - CB).- v (CB -CP).+
v(Ca- Ch) > v(Ca- Cb) .- = V¥ (Ca- Cb_).‘

=

It is seen that, generally that the frequencies of
the neutral molecule are higher than those of the
charged species. The result is different than that
for the 8CH deformation frequencies, which
assigns the highest frequencies for the radical
cation followed by those of the neutral molecule
and then that radical cation.

3CH.- > 8CH > 6CH.+

-
3

reen the epcarbon and the C-H vibration frequencies for the
different C-H bonds.

The comparison for the other modes may be
summarized in the following relations;

3CCC.- > dCCC > dCCCH

yCH.+> yCH > yCH.-

and

yCCC >yCCC .+ >yCCC.-
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