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Vibrational propertics of dopamine ncutral specics in powder state have been studicd by means of the normal
modec analysis based on the force constanis obtained from the density functional calculation at B3LYP level
and the results of Fourier (ransform Raman and infrared spectroscopic measurements, -4 initio calculation at
MP2 level shows that the frans conformer of dopamine has higher clectronic energy about 1.4 kcal/mol than
those of the gairche+ and the gauche— conformers. and (wo gauche conformers have almost the same encrgics.
Free energics calculated at HF and BALYP levels show very similar values for three conformers within 0.3 keal/
mol. Empirical force (icld has been constructed from lorce constants of three conformers. and refined upon ex-
perimental Raman spectrum of dopaming (0 rigorous valucs. The major specics of dopamine neutral basc in the
powder state is considered a frans conformer as shown in (he crystallographic study of dopaming cationic salt.

Introduction

Dopamine’ serves as a neurotransmitter in the central and
sympathetic nerve system or as a hormone in vesicles of the
adrenal medulla for the regulation of the heart beat rate and
blood pressure. It is a rather simple species of an ethylamine
base connected to the catechol ring. It could contain a proton
at the ethylamine moiety to be a cationic species. or lose one
or two protons at two hydroxyl groups of the catechol ring
moiety to be a monocanionic. dianionic, or zwitterion-like
species. Dopamine could have three staggered conforma-
tions through an ethylamine side chain. i.¢. a stretched
trems. and two folded gentche conformations for each species
possible. The structure or conformations of dopamine and
the functions of dopamine moieties for the biological activi-
ties have been in great interest in chemistry or biological
neurosciences. The structural studies vier the spectroscopic
methods. for example. X-ray crystallography. nuclear mag-
netic resonance.” and Raman scattering.“** or via the com-
putational methods™'~ have been carried out and reported.
Much attention so far had almost been concentrated on the
study of the ionic species of dopamine. Vibrational studies
are relatively rare compared to the other methods. however.
Raman spectroscopic studies of dopamine were also report-
ed for the species adsorbed on the metal surfaces.™* The
vibrational analysis of any of the dopamine species has not
been considerably studied vet so far.

Application'*'® of density functional theory (DFT) to chemi-
stryv has received much attention recently because of a faster
convergence in time than the traditional gunanthum mechani-
cal correlation methods in part. and improvements in the
prediction of the molecular force field. vibrational frequen-
cies. and dipole moments. Therefore the force field from
DFT calculation could be utilized with the spectroscopic

data for the assignment of observed frequencies and the
refinements of the molecular force field under study. The
normal mode analysis'™'* has been applied to elucidate the
molecular system of chemistry and biological sciences using
Wilson's GF matrix formulation.' This matrix method has
been enforced with improvements in the setup of internal
coordinates. or in the computational method in the refine-
ment procedure of the force field. It is now in progress to
expand its application area to molecular dynamics studies as
well as structural studies.

In the present study. the vibrational analysis of dopamine
neutral base was investigated by normal mode analysis
method using the spectroscopic Raman data and the force
field obtained from DFT calculation to clarify the vibrational
structure and conformation in a powder state of neutral base
form.

Experimental and Calculation Methods

Dopamine-HCI and NaOH were purchased of the highest
purity from Tokvo Kasei Chemical and used as received
without further purifications. To prepare sodium salt, dop-
amine-HC| was mixed with equivalent amount of NaOH
solution. and dried in vacuun with cooling. Bruker FRA 106
Fourier transform spectrometer was applied in dryv nitrogen
purge mode to obtain Raman spectrum. It was equipped with
1064 nm cw Nd : YAG laser, a calcium fluoride beam split-
ter and liquid nitrogen cooled InGaAs detector for Raman
scattering. The laser power was about 0.2 watt at sample.
The spectral resolution was set to 4 cm™ and 100 times accu-
mulated for each run. A sample powder was contained with
tight packing for irradiation in ordinary melting point capil-
larv tube (Drummond Scientific Co.). The infrared spectrum
was obtained using the Bruker IFS66 machine with MCT
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detector. Nernst bar light source and KBr beam splitier in the
spectral resolution of 4 cm™ and 100 times accumulated for
cach run,

Initial molccular structure was generated and optimized at
AMI level using the PC Spartan Plus (Wavefunction. Inc.)
and trans(erred to the Gaussian package (Gaussian. Inc.) for
the optimization at the higher levels. For the drawing. CS
CHEM3D PRO (CambridgeSoft Cooperation) was utilized.
The cnergy corresponding 1o an optimized geometry was
obtaincd at HF. MP2. and B3LYP levels and using the 6-
31G** basis sct. Raw Cartesian force constants and the
intensitics of Raman and IR bands were obtained from a
gcometry optimized fully using B3LYP functional and 6-
31G** basis sct. Calculaicd Cartesian [orce constants were
transformed 1o a sct of force constants in non-redundant
local symmetry coordinales [or a relincment procedure. The
refinement procedurc'® of raw force constants obtained (rom
DFT calculation was carricd out by minimizing the quantity

X
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where NOF(Q is the total number of obscrved [requencics

hserved . P . ~
(V7Y 1o be considered and w(/) is the weight lactor for

the [requency of the /th mode. The actual minimization of

the quantity »- was donc by (he conjugalc gradicnt method
with a cube mterpolation in cach linc minimization using a
lcast-squarc fitting program. Normal modcs and lrequencics
of vibrations were calculated using the Wilsons (;/ matrix
method.

Ab initio Calculation and Normal Mode Calculation
The chemical structure of dopamine in (he ncutral basc

form is shown in Figure 1 with an mdex number for cach
atom. It has been known that (hree staggered conformations

Stv=-RKvemg Park ef al.

shown in Figurc 2. ie.. trans. gauche- and ganche+ con-
former are staged in cach local minimum in cncrgy. It can be
described by two dihedral angles of the cthyvlamine moicty.
Each conformer was optimized and the encrgics werc calcu-
lated using HE. MP2 and B3LYP functions. Their rclative
cnergies to the minimum energy noted in 0.000 keal/mol are
displayved with dipole moments calculated by ¢ach [unction
in Table 1.

Each conformation optimized at B3LYP/6-31G** level
was applied to calculate the [requencics of the normal coor-
dinates and the loree constant matrix in Cartesian coordinate
at the B3LYP level with the same basis sct The isotope
atomic masscs adapted were 1201115 for carbon. [4.00307
for nitrogen. 159994 lor oxygen. and 1.007825 for hydro-
gen. respectively, The temperature was sct 1o 298,15 K and
the pressure to 1.0 atm. Raman spectra of three conformers
obtained initially by calculation arc shown in Figure 3. Each
band displayed in Figure 3 was shaped according to the
Lorentz. ling shape (R(e) = (FWHH/2)Y/ {(w, — w)° + (FWHH/
2)*}. FWHH: the full width at hall-hcight. @,=a resonant
frequency) with the full-width at half height. 5.0 cm™. With
applying the scalc lactor of 0.96 to the frequencics obtained
from DFT calculation. the Raman spectra of three staggered

NH,

trans gauche- gauche+

Figure 2. Three staggered conformations (frans, gauche-. and
gauchet) of dopamine neutral base.

Figure 1. Molecular structure of dopanine neutral base m the frans contormation with mdex numbers.
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Table 1. Calculated Relative Fnergies and Dipole moments at
298.15 K and 1.0 atin for "Three Conformers of Dopamuie neudral
base, trans, gauchet and gauche—

Dopamine Neutral Base trans ganche”  ganche”

11/6-31G** AR dkeal/mol” 1.116 0.000 0.021
ZPCAlartree 0196171 0.196386 0190338
AFrikealimel 0,094 0.000 0.016
AHAkcal/mol  0.094 0.000 0.016
ACrkeal/mol — 0.000 ().239 (0.215
Dipole/Debve 36239 34291 28607

MP2/6-31G** AR /keal/mol  1.366 0.018 0.000
Dipole/Debve  3.880] 34759 30718

B3ILYP/G-31G*F* AF.. /keal/mol  (0.938 0.021 0.000

LPC/llartree 0.182956 0.183283 0.183280
AFrkcal/imol  (0.885 0.032 0.000
AHdkcal/mol  0.883 ().032 0.000
ACrkeal/imol  0.326 0.000 0013
Dipole/Debve 34011 32184 28876

AR telative electronic energy. ZIPC: zero-point comrection energy.
Ay relative summation of electronic and thennal energies. A7Tx: relative
summation of electronic and thermal enthalpies. AGz relative sum-
mation of ¢lectronic and thermal free energics.

conformations arc displaved in Figure 3. The Raman intensi-
tics obtained initially from (he DFT calculation were scaled
for the better view to the tenth power of the inverse of fre-
quency difference [rom the laser excitation line 1064 nm
because the Raman band intensitics located in the strelching
region above 2800 ¢cm™ were caleulated with huge amounts.

The micmal coordinates ol dopamine of total 22 atoms
consist of 22 sirctching coordinates (A#) numbered R1 1o
R22. 35 m-planc dclformation coordinates (A6) numbcered
R23 1o R37. 9 out-of-planc dcformation coordinates (Aw)
numbcred R38 10 R66. and 11 torsion coordinaics (A7) hum-
bered R67 to R77. They arc defined based on the alomic
numbcring scheme in Figurc 1 and shown in Table 2 with
melccular structural parameters of the frans conformer lor
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Figure 3. Raman spectra of three staggered conformations scaled
with a scale factor 0.96 lor vibrational frequencies oblained
initially from the DI calculations: (A) gatrche-, (3) ganche+, and
(C) trans. Fach peak was adjusted to the T.orentz lme shape with
FWHH 5.0 cm’, and the mtensities obtamed from the DFT
calculations were scaled to (he [requency difference from 1064 nm
excitation laser wavelength.
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reference.

The local symmeltry coordinates adaptcd lor dopaming are
shown in the format of non-normalized in Table 3 with
descriptions in terms of the internal coordinates R defined in
Table 2. Here. we did not utilize the svmmetry property of
the benzenc ring because the catechol moicty of dopaming is
a tri-substituted ring svstem. Each localized chemical bond
in the catechol ring was regarded as a local symmetry coor-
dinate. instcad. A complete sct of 60 local symmcetry coordi-

Table 2. Intemal Coordinates of Dopamine (R: the index number
of intemal coordinates. Atoms: the index number indicated n
Figure [.) and Molecular Structural Parameters

R Name” Atloms R

Name Altloms

I ACNY 12 (1466 A) 40 AQCCC)  [1-9-12 (11867
2 ANC-C) -5 (1338 A) 41 AKCCC)  9-11-14 (1209
3 AC-HY 13 (1L.096 Ay 42 AQCCH)  9-11-13 (119.8%)
4 ANC-HY -4 (L1053 A) 43 A&CCH)  14-11-13 (119.3)
3 AN-H) 2-6  (LOITA) 44 AQCCC)  9-12-13 (12109
6 AnN-H) 2-7 (1L0I8A) 45 AKCCH) 9-I2-16 (120.8%)
7 AC-C) 39 (L313A) 46 AACCH) -16 (118.1%)
8 AC-H) 3-8 (L095A) 47 AQCCC) 17 (119.5%)

9 ANC-H) 3-10 (L0988 A) 48 ARCCO) 18 (120.1%)

10 ANC~C) 9-11
I ANC~C) 9-12 (1403 A) 30 A&CCC)

(1.398 A) 49 AACCO) 18 (120. %"
4-17 (119.9%

1
2-13-
7-13-
-1
-1d=19 (120.4%)
14-
17
1
1

I
12 ANC~C) 11-14 (1.399 Ay 31 A&CCH) 11
13 ANC-H) 11-153 (1.08¢ A) 32 A&CCH) 17-14-19(119.8%)
14 ANC~C) 12-13 (1.391 A) 33 AACCC)  13-17-14 (120.1%)
15 ANC-H) 12-16 (1.086 A) 34 ARCCO)  12-17-21 (Il 3(]“
16 ANC~C) 13-17 (1406 Ay 33 ARCCO)  14-17-21 (124.9%)
17 ANC-0) 13-18 (1.364 A) 36 AGCOH)  13-18-20 (10747
18 ANC~C) 14-17 (1.389 A) 37 AACOH) 17-21-22 (109.7)
19 ANC-H)  14-19 (1.088 A) 38 AeXCNCH) 2-1-5-3
200 AC-0)  17-21 {(1.379 A) 39 Aw(CCHH) [-2-6-7

21 AO-H)  18-20 (0,969 A) 60 AaX CCCH) 9 ]
22 AO-H) 21-22 (0965 A) 61 A(CCCC) 3-9-11-12
23 ABNCC) 2-1-3 (1104%) 62 AaxfCCCH) 1-14-15
24 AXHCC) 2-1-3 (108.8%) 63 Aw(CCCH) 9- I2 3-16
25 AHCC) 4-1-3 (108.7) 64 A(CCCO) I2 -17-18
26 ABNCH) 2-1-3 (10840 63 Ae(CCCH) | -l 17-19
27 AGNCH) 2-1-4 (114.4%) 66 Ae{CCCO) I3-17-l4-2l
28 AHCH) 2-1-4 (1064%) 67 AGC-N) |2

29 ACNH) 1-2-6 (1099 68 AgC-C) -3

30 AKCNH) 1-2-7 (1096%) 69 A7C-C) 39
31 AQHNH) 6-2-7 (10640%) 70 ATC~C)  9-11

32 AKCCC) 1-3-9 (112,99 71 A7C~C)  9-12

33 AQHCC) 8-3-9 (110.7%) 72 A7C~C)  11-14
34 ABCCH) 1-3-8 (1080°) 73 AXC~C)  12-13
35 AKCCH) 1-3-10(1088%) 74 ATC~C)  13-17
36 AKCCH) 9-3-10(109.6%) 75 A7C-0)  13-18
37 AQHCH) 8-3-10(106.6%) 76 ATC~C)  14-17
38 AKCCC) 5-9-11(12129) 77 AWC-0) 17221
39 AKCCC) 5-9-12(120.29)

“Ar: stretching. A#: in-plane delormation. A@: out-of-plane deformation,
AT torsion. "Molecular structural parameters used for caleulation of
dopaming treses conformer,
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Table 3. Local Svimmetry Coordinates used for Dopamine (R: the index number of intemal coordinates listed in Table 2, 8 the index
number of local symmetry coordinates adapted, All the redundant local symmeiry coordimates are not listed. )

S Name? Local Sym. Coordinate Description
1 Y C N} RI C-N stretching
2 WCoCp) R2 C-C stretching
3 v(Celi2) R3+R4 CI12 sym. Stretching
4 v{Cal 2) R3-R4 C112 antisym. stretching
5 v(NI12) R3+RO NIL2 svm. stretching
& v{N112) R3-R6 NII2 antisym. stretching
7 wCa-Cp) R7 C-C stretching
8 vi(Cpll2) RE+RY CI12 sym. Stretching
Y vACpl 12} R8-RY C112 antisym. stretching
10 HCorCiy) RI10 ring C~C stretching
11 WCorC2) RI1 ring C~C stretching
12 wWCH~Chy) RI2 ring C~C stretching
13 WC-1115) RI13 ring C-11 stretching
14 HCi~Ci2) R14 ring C~C stretehing
13 WC-11is) RI3 ring C-11 stretching
16 WCi~C-) RI16 ring C~C stretehing
17 YC-Oy) R17 C-O stretching
18 HC1Ci-) RI8 ring C~C stretehing
19 WC-1110) RI1Y ring C-11 stretching
20 wC-0) R20 C-O stretching
21 WO-1Ln) R21 O-1 streteching
22 WO-11,) R22 O-1 stretehing
23 ANCC) 3R23-R24-R23-R26-R27-R28 N-C-C deformation
24 a(CAL2) 4R28-R24-R25-R26-R27 Cl112 scissoring
25 S Call2) R24+R25-R26-R27 Cl12 wagging
26 CAL2) -R24+R25-R26G+R27 C112 rocking
27 HCali2) -R24+R25+R26-R27 CIL2 twisting
28 S(NII2) 2R31-R29-R30 NIL2 sym. bending (scissors)
29 JANI12) R29-R30 NI antisvin.bending (twist)
30 JCCC) 3R32-R33-R34-R33-R36-R37 C-C-C deformation
3l a(Cpl12) 4R37-R33-R34-R33-R36 Cl12 seissoring
32 S(Cpl12) R33-R34-R33+R36 Cl12 wagging
R {Cpl12) -R33-R34+R3ISHR3IG CI12 rocking
34 HCpl12) -R33+R34-R35+R36 CIL2 twisling
33 ACHC~C) R38 C~C-C bending
36 AC~ConC) R40 ring C~C~C bending
37 AC~C-111<) R43 C~C-1 hending
RH AC~C-111s) R45 C~C-11 hending
39 AC~Cr-C) R47 ring C~C~C bending
40 JC~C-0y) R48 C~C-O hending
41 JC~Cy~C) R30 ring C~C~C bending
42 JC~C-110) R32 C~C-11 hending
43 JC~C-0,) RS54 C~C-O hending
44 JC-O,-1D) R36 C-O-11 hending
45 JC-Op-11) R37 C-O-1 hending
46 JNI12) R29+R30+R31 NI L2 pscudopuckering (wag)
47 ACCCCs) Ro6l ring-C out-of-plane
48 ACCClLs) R62 ring-11 out-o(-plane
49 ACCCIL) R63 ring-H out-o(-plane
50 ACCCO,) R64 ring-O out-o(-plane
51 ACCCILy) R63 ring-H out-o(-plane
52 ACCCO,) R66 ring-O oul-o(-planc
33 q-C.~N-) R67 side chain C-N torsion
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Table 3. Continued
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S Naome Local Svm. Coordinate Deseription

34 W-C-Cer) R68 side chain C-C torsion
33 H-Co-Ci-) R6Y side chain C-C torsion
36 W(-CoCy1-) R70 ning C~C torsion

37 7(-C1~Cha-) R73 ning C~C torsion

38 o(-Cr~Cy--) R76 ning C~C torsion

39 W(-C-Oy-) R75 hvdroxyl C-O torsion
60 1(-C-0p-) R77 hvdroxyl C-O torsion

"y stretching mode. & in-plme deformation mode. ¥ oul-of-plane defornmation mode. - torsion mode. Cez carbon al ¢ posiion. Cp: carbon at 8
position, Op: oxygen at meta position, Op: oxyvgen at para position, - : carbon-carbon bond in catechol ring. All subscript numbers at the right ot atomic

symbols are the index numbers indicated in Figure 1.

natcs named S1 1o S60 was construcicd climinating all the
redundant symmetry coordinatcs. They are 22 stretching
modes (symbol name: v) numbered S1 to $22. 24 in-planc
deformation modces (svmbol name: 8) numbered $23 o S46.
6 out-ol-planc dclormation modes (symbol name: 9 num-
bered S47 to 832, and 8 torsion modes (symbol name: 7)
numbered $33 1o S60. For the betler inspection. we used
gencral chemical symbols C.; and Cg for carbon atoms in the
cthylamine moicty and O, and O, for oxygen atoms in the
catechol moicty. i.e.. carbon (1) 1o Co. carbon (3) (o Cp. oxy-
gen (21) 1o Op. and oxygen (18) to Oy, The chemical bond
between carbon atoms in the calechol ring was noted to
C~C. All subscript numbers at the right of the atomic sym-
bols are the index numbers indicated in Figure 1.

Raw Carlcsian force constants matrix obtained from DFT
calculation was. as usual. overestimated. The Icast-squarc
fitting o the experimental frequencics was perlormed via
scaling down the [orce constants in the internal coordinates
converled from a matrix in the Cartesian coordinale. The
number of the force constants gencrated initially in the inter-
nal coordinate was 1830 that is the sum of all diagonal and
half off-diagonal matrix clements. These are too many (o
account for. so reduced Lo a comparable number of force
constants using a boundary value in the intemal coordinate
force constant matrix. The munber of force constants out of
1830 could be extracted to 280 for the #rars conformer. 282
for the geche+ conformer. and 303 for the garche— con-
former, respectively. when the absolute value of the off<diag-
onal matrix elements equal to or greater than 0.03 are
survived and all the diagonal matrix elements are included.
This boundary value 0.03 was rather arbitrary chosen because
the off-diagonal elements less 0.03 are presumed to be mini-
mal enough to be neglected for the structural elucidation. We
feel that this gives a comparable and satisfactory set of con-
straints on the refinement procedure we are trying for a 22-
atom svstem. The number of acting force constants to be
considered in the internal coordinate was finally reduced to
305 counting on three different sets of matrix. and then
scaled with a proper scale factor. The matrix of these scaled
force constants was then transformed to a matrix in the Car-
tesian coordinate. which was applied to calculate the fre-
quencies using Wilson's ¢/ matrix method. This refining
procedure was repeated manually until it gave a minimal

discrepancy from experimentally observed [requencics. Re-
lincd force constants of the diagonal matrix clements and
ofT-diagonal matrix clements in the local svmmetry coordi-
natc scheme arc shown in Table 4 and Table 3. respectively.
Using these values. the frequencics and potential encrgy dis-
tributions were obtained and shown in Table 6 in tcrms of
local symmetry coordinates delined in Table 3. For compari-
son. scaled frequencics using the exponential scaling method.™
w(scaled) = ay exp(-am). where « is the exponent of the
cxponential scale factor. and ¢ is the calculated frequencics
ol mode /. were shown in Table 6. together.

Results and Discussion

Ab initio Calculations. The cnergics of three conformers
in the vapor phase. i.e.. a stretched frans. a folded geniche+
and a tightly folded gauiche— displayced in Figure 2 were cal-
culated from geometrics optimized with HF/6-31G**. MP2/
6-31G**. and B3LYP/6-31G** lunctions. respectively. and
shown in Table 1. The HF and B3LYP levels with 6-31G**
basis functions arc affordable for the frec encrgy and the
cnthalpy change calculations with the frequency test mode.
not like MP2 level. So. the free energy and cnthalpy values
at MP2 level were not calculated. The relative electronic
energies (Al at 298K and [.0 atm) from HF level are sin-
ilar for three conformers within 0.2 kcal/mol. favoring the
gaiche+ conformation only 0.12 keal/imol to the frans. But,
the gentche— conformer is favored in 1.4 keal/inol to the
trans when introducing the electron correlation of MP2. The
electronic quantities from density functional theory show the
gatiche— conformer is lower in 1.0 keal/mol for B3LYP level
to the trars. The geniche+ and gentche— conformer have the
very close values less 0.02 kcal/mmol in the electronic quanti-
ties.

Counting the enthalpy change (AH7) corrected with ther-
mal quantity (+R7) and the entropy effect (-7AS). the free
energies (AGr at 298K and 1.0 atin) are closely similar and
the differences are minimal to about 0.3 kcal/inol. The zrems
conformation is favored in 0.24 kcal/inol to the gatiche+ and
gauche— at HF level. but the geutche+ conformation is lower
in 0.33 kcal/mol to the 7rans at BILYP level. The free ener-
gies for the geuiche+ and geniche— conformations are as well
very close to each other within 0.02 kcal/mol at both HF and
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Table 4. Refined Diagonal Force Constants {(mdvne/A or Table 5. Continued

Liquivalent it for bending or torsion) (8: the mdex number of (5.5) Torce 5.9) [ 5.9 Force

local synunetny coordinates listed m Table 3)
YT PP ; — o
5.5 Foce  (5.5)  Force 5.8) — (33.34 ) Q,(_M)Z (36, 7_1. (.1_362(1 (_w@,l(]) (.1_3681
(36.11) 03179 (36.12)  -0.3283 (36,13) 0.1287

(L= 47280 (2,2 3543 (3.9) 48150 (36.14) 03081 (36.15) 01850  (36.16) -04653
(49 47280 (3,5 22900 (6.0) 31730 (36.18) 04846 (3620) 0197 (3630) 00360

; e s ol PP
QoM 670 (N1 641 (30 esoia  GS A0B6 G601 Ge3s) 078
(13.13) 50170 (1414) 69006  (15.15) 50860 G710y 05307 (71 00480 (37,14) Q1736
(16.16) 65130 (17,17) 61006  {18.18)  7.0480 (37.16) 02017  (37.18) 00540 (37.36)  -0.444)
(19.19) 49650 (2020) 5.6848 2121y 62551 (38.10)  0.1261 (38.12) 0.2226 (38.14)  -0.4091
(2222) 62610  (2323) 09889  {2424) 03911 (38.16) 00012 (38.18)  O.1985  (38.36) -0.2420
(2525) 06781  (2626) 49656 (27.27)  0.6759 (39.10) 03727 (39.11)  -04313  (39,12) 04679
(2828)  0.6308  (2929) (.7858  (30.30)  0.9908 (39.14) 08998  (39.15)  0.0364  (39,16) 03343
(31.31) 05867  (32.32) 05115 (3333)  0.6036 (39.17) 03354 (3920) 02911 (39201) 00599
(34.34) 0.5078 (35.35) 1.3316 (30,30) 31360 (39.36) -0.1350 (39.37) 01264 (3938)  -0.3046
(37.37)  LUBIS  (383%) 10063  (39.39)  3.35200 @011y 01790 @014y 02657 016y 04444

(40400 19389 (4141)  3.0931 (4242  1.0761
(4343) 21196 (444 08817 (4345 0.7676
(4646) 07089 (4747 38303 (4848) 33725

(@O17) 00448 (@0.18) 01306 (4020) 00583
(4035) 00565  (d036) 02823 (4038) 00005

(4949) 32509 (5050) 39083  (5151) 33223 (40.39) 10570 @110y 0333 (LI 04337
(5252) 38272 (S333) 003 (3454) 03359 (41.12) 05149 @13 - 01H3 (L0499
(S355) 01562 (36,36) 08022  (3757) 0738 (41.16) 02133 (4118 L0321 (4119) 01834
(38.58) 08033 (3939) 01594 (60.60) 00138 (41.20) 03258 4122y 00716 (4135 00721

(41.36)  0.0031 41.37)y 02369 (41.38)  0.1821

- B L ) (41.39) 01319 40y 01426 (42.11)  0.0492
Iab!e l'» 1R6h']|]efd (;t‘r-?mgonall Fc_)rc:? SOII:taII‘tSd(llld)’llet/C oi (42.12) 02262 (42.18) 01917 (1236)  0.1078
iquivale ndine ] S the .+ el s : e
quivalent unil for bending or torsion) (8: the index number o (42.39) -0.0562 @241y 04546 (43.00) 02655

local symmetry coordinate listed in Table 3) L ) o
(43,11) 04350 @316) 01316 (@317 02247

(5.8) Force  {8,8)  Force  (8,8)  Foree (43.18) 07369 (d320) 02534 (4322)  0.1087
(2.1) 02729  (3.1) 02119 (3.2) 01250 (4336) 02760  (4339) 035049 (d341) 03951
(5.1) 00490  (7.2) 03055 (82) 01102 (G4.07) 04520 (4421) 02260 (4440) 00272
(8.7) 00814 (10.7) 01803 (1L7) 0174 (4443) 00457 (4520) 03540 (4522)  0.1436
(L1 10336 (12.10) 06453 (12.11)  -0.4320 (4543) 00068 (46 1) 04924 (46.5) 03467
(13.10) 01292 (13.12) 01240 (14.10)  -0.5378 (47.2) 00347 @77 00255 (4T01) 0,149
(1L11) 03906 (14.13) 00346 (15.11)  0.1343 (47.014) 00556 (47.16) 00832 (7AT)  0.0414
(15.12) 00569  (15.14) 01195 (1611)  -0.5402 (4721) 01116 (4723) 00260 (4726) 00163
(16.12) 04716 (16.13) 00462 (16,14)  0.8783 (4730) 00123 (47.32) 00289 (47.35)  0.0810
(17.12) 01122 (17.14) 03925 (17.16)  0.2976 (4736) 01145 (4739) 00607 (4740) 01547
(18.10) 06623 (I811) 004492 (18.12) 09501 (4743) 01113 @744) 00798 48.30)  -0.1340
(18.14) -0.5357  (18.13) 00636 (18.16)  0.6183 (4839) 00514 (4840) 00979 (4847)  -0.178%
(19.12) 00661  (19.18) 00601  (20.10)  -0.2287 (49, 1) 00320 (4923) 0083 (4935)  0.0786
Q0.11) 01300 (20.16) 05872 (20.07) 0089 (4940) 00054 (4047) 04233 (948) 0477
20.18) 04731  (1.17) 00884  (22.16) 00560 (3047) 04816 (3048) 03827  (5049)  0.4644
(23.1) 02696  (23.2) 02264 (23.3)  -0.0900 (5147) 03230 (5148) 07697 (5149)  0.6274
(23.5) 00601  (23.9) 00687  (24.1) 02213 (5150) 06621 (3247) 03176 (5248) 02530
(24.2) 01388 (24.3) 00995 (25.1) 04302 (3249) 06493 (5230) 04737 (5231)  -0.5799
(25.2) 01907  (26.4) 01586  (26.6) 00656 (34.33) 01530 (3447) 00102 (5523)  €.0053
(2726) 00664 (8. 1) 02485  (28.3) 01355 (55.30) 00221 (36.30) L1536 (5647) 04386
(29.6) 00971  (2926) 01216 (2927) -0.0284 (5648) 04380  (3649) 04346 (56.350) (.19
(30.2) 02642 (30.4) 00563 (30.7) 00189 (5651) 02066 (36.32) 01275 (5730)  0.0402
(30.8) 00977 (3023) 00385 (3027)  .0487 (5735) 00019 (3747) 01878 (5748)  .0168
(3L.2) 00973  (3L7)  -00954  (31.8)  0.1026 (5749) 02671 (37.30) 00828  (5731) 01567
(32.2) 01959  (32.7) 02842 (33 1) 00010 (57.52) 04924 (3847) 00725 (5848) -0.3320
(33.2) 00267 (33.9) 01480 (3326)  0.0969 (5849) -0.1684  (3830) -03077  (3831) 03501
(3330) 00619 (34.23) 02929  (35.2) D070 (3832) -00808  (3935) 01043 (5947)  0.0965
(35.9) 00963  (35.10) 03174 (35.01)  -0.29%6 (3948) 00828  (30.50)  0.0408  (59.52)  -0.0360

(35.16) 0.0370 (35.21) 00454 (35.30)  -0.0360 (60.49)  0.0822 (60,32) 0.0023
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Table 6. Observed Raman and Caleulated Frequencies (em ') of Dopamine and Potential Energy Distribution (%)

Obs. Calc” Calc? Potential Energy Distribution (greater than 5.096)°
3345 3502 3346 100 v({O-Hp)
3343 3450 3343 100 v(O-Him)
3081 3270 3081 100 v(NH2)
3054 3198 303 100 v{NH2)
3dd 2960 3044 99 v(C-H;.)
3023 2933 3023 92 V(C-H)s), 7n{C-Hyo)
3008 2931 3008 93 VC-1e) Tn(C-Ls)
2963 2801 2964 100 v(Cl12)
2938 2849 2938 W v Cd 2}
2923 2821 2922 98 v{Cul 12}
2876 2813 2870 100 v(C 12}
1617 1610 1617 28 WC1~Cia). 19 ACp~Ca), 12 KC~C-Llo), 11 nfCia~Cim), 8 JC-On1D), 7 KC~CoC), 7 W C1~Cir),
6 WCoCy1). 3 §C~C-H )
1602 1608 1602 97 8{NH2)
158] 1391 1581 26 V(C1~Ci=), 24 MC L), 15 §C~Ci~C), 14 CoC1 ). 14 WCoCi2). 8 §C~C-0y), 7 V(C-0,, ).
7 &C~C~C), 7 §C~C-H)<)
1496 1504 1496 20 §C~C-Hys). 16 §C~C-Hs), 15 §C~C-Hye), 12 vCr~Ci5), 10 V(C-0,), 10 (Co~C 1y ). 8 Co~Cr2).
7 d(C"‘Cu“C), 7 I(C[:\"-C[?)’ 3 1(Cer13), 3 Il(Cq-Cb)
1470 1436 1471 90 S(Cpl12)
1457 1446 1457 34 S(CL12). 13 KC-Op-11) 11 KC1~Cyy), 11 (Cz~C13). 6 JC~C-L o), 5 KC~C-11;5)
1449 1442 1450 57 8(CL12). 10 KC-Op-11). 8 My ~Cy) 7 MCy~Co3)
1350 1357 1350 20 SANLR). 12 S{C 1 12), 9 64 CI12), 8 FC~C-11s). 7 CeaC1y), 6 A Co-Cy), 6 S(CALR)
1341 1333 1341 93 &(Call2)
* 1343 1332 27 KC-0y-11), 22 KC~C-1Lia), 16 JC~C-111s), 15 AC~Cim), 9 1 Co~C12), 6 KC~C-1l), 6 FC~C-Oy),
6 WCoCyy), 3 UC1»~Cy-)
1322 1315 1322 21 WCo~C ), 19 8ANH2), 13 &C-O-H), 12 UCo~Ci2), 7 §C~C-Hiu). 6 §(CpH2), 5 8(C H2)
1287 1308 1288 42 WC-Ou), 11 UCo~C)2), 11 EC~C13~C), 11 C-0,-H), 9 &C~C-Hyw). 8§ C13:~C7). 6 U C(~C ).
6 W Co-Cy), 6 &C~C-H5)
1272 1284 1272 30 WC-0Op), 20 §C~C-His), 12 EC-0y-H), 8 §C~C1:~C). 7 UCy~Ciy). 6 &C-O,-H)
1260 1254 1260 70 8(C.H2), 21 8(NH2)
1206 1206 1203 20 3{C12), 17 AC-Op-11). 8 U(Cy2~C13). 8 KC-Op-11), 7 UCo-Cp). 6 MCN), 6 UC1~C 7)., 5 S(C2)
1187 1182 1187 22 WC2~Ch3). 20 §C-Op-L D), 18 KC~C-1116), 6 WC13~Ch-), 6 S(CpL12), 6 A Co~Ch1), 5 WC-Op),
5 vCe-h2)
1175 1152 1175 22 VC~C ) 19 §C-OpLD), 13 HC~C-LLs), 13 KC~C-1Le), 8 W(C-O,). 7 W 1~Cr-) 6 Ce-Cp)
6 &(CH12)
1152 1141 1152 74 8u(Cal12), 8 UCorCa). 6 UC1H~Ci11)
1147 1123 1146 25 Y Co-Cy), 10 EC~C-His), 9 C1~Ci1). 9 UC-N). 8 HCpH2). 8 UCo~C i)
13 1103 113 21 EC~C1~C), 17 HC-0p=H), 12 UCo~C\2), 11 HC~C-Hy5). 9 HC~C13~C). 9 MC-0p), 9 MC1~C i),
6 C~C-Op)
1014 1065 1014 43 W(CN), 23 H{CH2), 21 C-Cp)
961 993 960 27 8{CH2), 15 8{NH2), 9 yC:rC ), 6 UC-O), 3 ECCC). 3 #-CirC )
048 046 918 22 NH2), 14 §(CpH2), 9 WC-Op), 9 UCo-Cy), ? UC~Cp), 7 C~Co-C). 7 8({CH2)
932 g9y 932 49 ENIL2). 13 S{CAL2), 10 KC (- Cp), 9 YT N) 6 8LNLL2), 5 S(Cul12)
876 891 877 67 ACCCllp). 28 a-Ci~Chs-). 14 (CCCHs)
833 863 853 39 ACCCl1is). 29 £CCCLLs). 25 T-Co~Cyy-). 13 YCCCLL) 9 #/-Chr~Ch--). 6 T-Ci~Cia-)
813 842 813 35 U(CoCy), 33 MCN). 20 ENIL2)
796 835 796 04 LCCClLL). 36 A-C1~Cy--). 13 q-ConCiy-). 12 YCCCLLs)
772 786 T3 35 8{Cal12), 11 &C~ComC ), 8 UC-Op). 7 S{CAL2), 6 WC . N). 6 CCClLLa)
751 780 750 23 WC13~Ci), 18 8{CH2), 13 HC~C, ~C), 9 NC-0)), 9 EC~CoC). T UC, ~C2), 6 C-O,)
724 706 724 16 C~C, ~C), 13 §{C H2), 12 UCy-Cp). 10 &CCC). 9 6{C3H2), 8 £ CCCCs), 6 UCo~Chy)
* 691 668 31 {CCCCx), 12 HC~C1~C), 10 HCCCO), 9 HCCCO). 9 q-C12~C1a-), 7 HCCC), 3 44CCCHy5)
633 631 633 30 LCCCOW), 42 HCCCOy), 8 H-C-On-), 7 (-C1 ~Cm-)
597 385 397 45 f-C-Op-), 11 §C~C1+~C), 10 §C~C-O))
570 320 371 39 -C-Opy-), 23 EC~L5~C), 14 HC~C-0O,), 6 HC~-C15~C), 6 UCl~Cy-)
350 471 350 13 §C~C 1~Q), 10 §C~C-0,). 10 7-ConCy3-), 7 HCCCY T HC~Ca~C). 6 KC~C-0O,), 6 LCCCCs).
5 CCCH ), 5 JCC~C)
475 435 475 22 FC-C3~C), 22 JC~C-0,,). T ACHC~C). 7 ENCC). 7 q-C-04). 6 LCCCH5). 6 q-C i)
5 6(Cyll2)
460 434 460 23 {CCCO,), 17 ACCCO,), 9 ANCC), 7 q-C12~Cia-). 5 §C~C1~C)
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Table 6. Continued
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Obs,  Cale”  Cale?

Potential Energy Distnibution (greater than 3.0%)

396 423 398
390 363 391

34 §C~Co~C), 14 YCCCO,), 7 HC~Cpi~C). T UCo-Cp). T H-ConCiy-). 7 H-CrirCi-). 6 {CCCO)
41 ANCCY, 13 $(CiH2). 11 C~ConC). 11 H-Cp-Cor). 10 HC~Cy3~C). 9 C~C-Opy). 8 1-Co-Cpr).

7 &CpC~C)
333 33 334 19 T-CprCor ) 15 T-CorN-Y 11 ENCC), 10 7-ClamC =), 7 {CCCOR), 6 T-C 3L i)
312 307 308 47 HC~C-Op), 38 HC~C-O)
267 290 267 65 H-CrN-). 18 &CprC~C), 8 HC~C-Op)
* 252 225 29 7-Cy~C 3} 19 ANCCY, 15 KCpC~C), 14 FCCCY, 11 HCCCHL), 3 HCCCO,)
24 22 23 17 &CpC~C). 14 T-Cr~Cro-), 13 7-CramCia-), 9 HCCCCs), 6 FCCC), 6 7-C-Opr)
157 182 157 S1-C-Op). 19 4=CprCor). 16 YCCCH). 13 ECHC~C). 8 0-ConCiie)
* 128 146 57 W-C-O). 15 7-CrCor). 8 HCCCH ) 8 7-Cru~C o). 6 &Cy-C~C)
* 8 74 37 q-ConC1y-), 34 HCCCCH). 27 HCCTCL Y q-Cp-Cor). 6 HCCCHe)
* 46 61 76 7(-Co-C), 9 SACH2), 5 H-CirCor)

“Calculated frequencies using the exponential scaling method upon Relerence 23, "Calculated lrequencies in this work. ‘Svmbols are comresponding o

the nmmes listed in Table 3. *Not observed bands.

B3LYP lcvel. The dipole moment shows the highest valucs
for stretched frans conformation. less for the folded garche+.
and the smallest valucs lor the tightly folded gatiche— (rom
all three different methods as predicled from the structural
considcrations,

These calculated results could imply that three conlormers
in ncutral specics have almost the same cnergy. and that the
populations arc evenly distributed lor cach of three conform-
ers. The actual structure that can be scen in powder states is
dependent strongly on the counter 1ons. Cl™ions or the molc-
cule HCI mixed with sample. The polar HCI molccules or
ClI™ ions with modcrale charge density ncarby could interact
with dopaming ncutral basc molccule to form a stable con-
[ormer. possibly the frans conformer becausc it has the larg-
est dipole moment among three.

Spectral Analysis and Normal Mode Analysis. Because
dopamine docs not have any symmetry. all the vibrational

bands arc Raman and infrarcd active. The structure of

dopaming is labilc Lo the rolation through the C~Cp bond. so
il can have onc of three different staggered conformations as
shown in Figure 2. A close inspection of calculated spectra
of (A) gauche—. (B) gauche+, and (C) rrans conformer in
Figure 3 reveals a clear distinction in the region of 2800-
3000 cm™. the stretching region of two methylene groups in
the ethylamine moiety. f.e.. -CHz- and -CgH--. They can be
designated to four stretching modes. symumnetric and anti-
svmmetric for each methyvlene. However. three carbon-
hydrogen stretching modes of the catechol ring. the synunet-
ric and anti-symunetric stretching of -NH- terminal group.
and two oxvgen-hvdrogen stretching modes of the catechol
moiety are almost the same in the frequency and the band
intensity for three conformers. The rotation through the Ce-
Cp bond seems to develop quite different force field environ-
ments on the methylene stretching modes in the case of the
trans from other conformers. This fact may be convincing
when one regards the structural aspects of three conformers
shown in Figure 2.

We could observe that the stretching frequencies except
stretching modes of two methylene groups are far apart from
the experimental ones shown in Raman spectrum (B) of Fig-

ure 4. [n fact. it needs further scaling ¢ven though they were
displaved with scaled 0.96 times to frequencics calculated
using the raw lorce constant matrix. We follow the assign-
menls of normal mode analvsis for this region because the
stretching modcs arc strongly correlated with the character-
istic group frequencics and their potential cnergy distribu-
tions arc highly localized over 90% to corresponding
stretching modces as shown in Table 6. The O-H stretching
frequencics come out closcly located at 3343, 1 for O-H,, and
3343.1 em™' for O-H,,. respectively. Their diagonal force
constants arc minimally different. 6.261 and 6.255 mdync/A
for cach. Bul. the C-O,, bond is a little stronger than C-Oy
bond as can be scen in the force constants 6. 1006 and 5.6848
mdync/A. 1t has been known that the proton at O-Hy, is more
acidic than at O-Hp in the hydrated state of dopamine. This
reveals that the acidity of a hydroxy] proton is duc to the C-
O bond characters. The force constants of carbon-carbon
bonds in a catcchol ring show that the p-clectrons responsi-
ble for the double bond character are considerably localized
on the C4+~Ci7. C>~Ci5. and Co~C); bonds. This resull
shows the catechol ring is well distorted from the symunetric
benzene ring structure. The diagonal force constants for two
CH: symunetric stretching modes at « and f carbons are
obtained to be 48130 and 4.6600. respectively. This is in
good agreement to the the case of ethvlmethyl amine.™
where as 4.5634.

In 1600 cm™ region, three are three bands that are Raman
and infrared active in intensity. A band at 1601.7 cm™ is
attributed to highly localized synumetric deformation (scis-
soring) of terminal NH- which is strongly correlated to C-N
stretching and NH» symmetric stretching modes. The syni-
metric deformation of NH- usnally occurs in the region 1390
-1630 cm™ strong in infrared. but weak in Ramnan for the
primary aliphatic amines. Both Raman and infrared spectra
obtained in this experiment as well in the calculated show
moderate intensities for this scissoring mode. however.
Other two at 1617.1 and 1580.3 cm™ are assigned to the ring
stretching modes. mostly attributed to the ring carbon-
carbon stretching modes about 80%.

Other deformations of amine NH- are an anti-svinmetric
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MMLL A

0] 500 1000 1500 2000 2500 3000 3500
wavenumberfem™

Figure 4. (A) Constructed Raman spectrum of dopamine neutral
base using foree constont matnx [rom the reliement procedure
and intensities from D11 {requency calculation: (B3) Lxperimental
Fourier transtorm Raman spectrum in powder state obtained at 4
cm! resolution using cw 1064 nm Nd:YAG laser excitation: (C)
Lixperimental Founer transform infrared spectrum in KBr pellet
obtained in an absorbance scale at 4 ¢cm * resolution,

deformation (iwisting) and a pscudo-puckering (wagging)
mode. This waggimg mode is mostly localized into two
bands al 932 and 948 cm™’. and strongly corrclated o C-N
stretching and NH- svmmetric stretching modes. The twist-
ing mode 1s widcly distributed (o bands at 1330.0. 1322.0.
1260.0. and 961.0 cm™". weakly corrclated to NH- anli-sym-
metric stretching. CH- rocking. and CH- (wisting modcs.

The stretching modes of two C-C bonds in the cthylamine
side-chain arc corrclated (o cach other as well to C-N stret-
ching mode. very widely distributed to at 1495.6. 1350.0.
1287.0. 1206.0. 1132.0. 1013.5. 948.0. 932.0. 813.0. and 724
cm™. The deformations of a CH-~ group in the cthylamine
side-chain arc scissoring. wagging. (wisting and rocking
modes. The scissoring and wagging modes of a CH- group
at SB~carbon arc localized (o bands at 1470.0 and 1152.0
cm™!. respectively. However. the twisting mode is widely
distributed (o many bands in the range of 1322.0 (o 948.0
cm”'. and the rocking mode is in the range of 932 to 473
cm”'. The scissoring. wagging. and twisting modes at a-car-
bon are localized to bands at 1449.0. 1341.0 and 1260.0
cm”'. respectively. The rocking mode is distributed in the
range of 1330.0 to 724.0 cm™'. The scissoring deformations™’
of two CH- groups in the histamine monohvdrochloride cat-
ion as a microcrystalline powder were assigned to 1433 and
1441 cm™'. respectively. In this case of neutral base form of
dopamine. they are observed and assigned to two bands at
1470 and 1449 em™ in localized modes. The wagging and
twisting modes are observed and reported in the range of
1100-1400 cm™'. and the rocking modes are in 1100-700
cm™' for the extended polvmethylene chain.~

In-plane deformations (noted in ) of a catechol ring and
an ethylamine moiety., out-of-plane deformations (noted in p
of six elements attached to the ring carbons. and torsion
motions (noted in 7) of a side chain and a catechol ring are
well distributed and mixed to generate all the bands in the
mid and low frequency regions. The skeletal deformations
(MNCC) and XCCC)) and skeletal torsions ({-C-N-). T
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(-Cp-Cor). and 1(-Co-Cp-)) of a side chain are distributed in
the range of less than 500 cm™.

Conclusions

Ab initio calculations performed with 6-3 1 G** basis set at
HF. MP2. and B3LYP show minimal relative stability for a
stretched #rans, a folded garche+, and a folded garnche—
conformer of dopamine neutral base in isolated state. The
density functional force field with the experimental Raman
and infrared spectra enables one to obtain a detailed force
field to clanfy the structure of dopamine n powder state.
The trans conformation 1s preferred mn this case. All the
bands are assigned from a refining procedure of the force
constant matrix.
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