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Density functional theory (DFT) calculations on a double hydrogen-
bonded dimer of 1-(2-furylmethylene)-4-phenyl thiosemicarbazide were
carried out at B3LY P/6-311G** |level. The optimized geometry of the
dimer closely resemblesthat in the crystal. The calculated results show
that the total energy of the dimer is much lower than the sum of energies
of the two monomers and the average strength of the double hydrogen
bond isabout 21.660 k¥moal. In order to probethe origin of theinteractions
inthedimer, natural bond orbital (NBO) analyses have been performed.
The thermodynamic properties of thetitle compound at different temper-
atures have al so been cal culated on the basis of vibrational analysesand
the change of Gibbs free energy for dimerization of the two monomers
AGr = -17.365 kJmol at 298.15 K and 0.1 MPa, which implies the
spontaneous process of the dimer formation.

Key Words: Dimer, Density functional theory, Natural bond or bital,
Thermodynamic properties.

INTRODUCTION

The importance of hydrogen-bonded dimers has become apparent in the last
decade. Hydrogen bond interactions are known to play important roles in determ-
ining the structure of molecular crystalsand biological systems'. Thishas prompted
experimentalists*® as well as theoreticians®’ to focus their attention on these small
systems. Density functional theory (DFT) has long been recognized as a better
aternative tool in the study of organic chemical systemsthan the ab initio methods
used in the past® due to the fact that it is computationally less demanding for inclusion
of electron correlation. Detailed analyses®™® on the performance of different DFT
methods had been carried out particularly for equilibrium structure properties of
molecular systems. The general conclusion from these studieswasthat DFT methods,
particularly with the use of nonlocal exchange-correlation functionals, can predict
accurate equilibrium structure properties. The suitability of DFT to reliably describe
hydrogen-bonded systems has been the subject of many investigations™** and has
proved quite useful for the study of hydrogen-bonded complexes’.
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With these in mind, when we synthesized 1-(2-furylmethylene)-4-phenyl
thiosemicarbazide and found 1-(2-furylmethylene)-4-phenyl thiosemicarbazide to
exist as a dimeric form in the crystal structure linking by hydrogen bonds of
N-H--S*, we carried out DFT calculations on this dimer and made comparison
between the experimental structure and the optimized geometry. In order to probe
the origin of theinteractionsin the dimer, we performed natural bond orbital (NBO)
analyses. The thermodynamic properties of the title compound at different tem-
peratures have also been calculated on the basis of vibrational analyses and the
change of Gibbs free energy for the aggregation from the two monomers to the
dimer AGr =-17.365 kJ/mol at 298.15 K and 0.1 M Pa, which impliesthe spontane-
ousformation of thedimer. In fact, in our previousreports, we ever reported dimers
joined by hydrogen bonds of O—H:--0%, O-H--N* and N-H---O"*, however,
dimersjoined by N-H---S hydrogen bond were not investigated. Herein, wewish to
report the calculated results, using DFT at B3LYP/6-311G** level on the 1-(2-
furylmethylene)-4-phenyl thiosemicarbazide dimer. The present research will be
helpful to the study of self-assembling supramolecular structure systems.

COMPUTATIONAL METHOD

The crystal structure of 1-(2-furylmethylene)-4-phenyl thiosemicarbazide was
used asinitial molecular geometry™, then it was optimized by using MM+ molecul ar
modeling and semi-empirical AM 1 methods' (HY PERCHEM 6.0, Hypercube, Ont.,
Canada). In the next step, ab inito calculations with B3LY P/6-311G** level of
theory by the Berny method™® were performed with Gaussian 03 software package™.
The vibrational frequencies calculation prove that the structure is stable (no imagi-
nary frequencies). Natural bond orbital analyses® were performed on the optimized
structure. Thermodynamic properties and their changes in the aggregation were
derived from statistical thermodynamics based on the frequencies.

Theinteraction energy of the complex is evaluated as the sum of the self-consi-
stent field (SCF) interaction energy and the correlation interaction energy.

For the following progress:

A+A—- A-A
The interaction energy (AE) of the complex is determined as:

AE = EA—A - 2EA
where Eaa and Ea are the total energies of the dimer and isolated molecule A,
respectively.

The energies obtained at the equilibrium geometry of the complex for each
subsystem are lower than those calculated at the same geometry with the basis
functions of the respective subsystem alone. This energy differenceisthe so-called
BSSE that can be checked by Boys and Bernardi's counterpoise procedure (CP)*2%,
For adimer of two submolecules, the BSSE is:

BSSE = BSSE(A) + BSSE (B)
={E(A) —E(A[B])} +{E(B) —E(B[A])}
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where the E(A[B]) and E(B[A]) are the energies of A and B respectively when the
other subsystem's basis sets are added. After being corrected for BSSE and for
zero-point energy (ZPE), the interaction energiesis:

AEc zpec = AEc + ZPEc = AE + BSSE + ZPEc

All calculations were performed on a Pentium 1V computer using the default
convergence criteria.

RESULTSAND DISCUSSION

Total energies and interaction energies. The total energies and interaction
energy calculated at B3LY P/6-311G** are given in Table-1, along with the zero-
point energies (ZPEs) and the BSSE value. The scaling factor for the calculated
harmonic vibrational frequenciesis0.96, whichisatypical valuefor B3LY P calcu-
lations.

TABLE-1
ENERGIES (k¥mol) OF THE MONOMERS AND
THE DIMER AT B3LYP/6-311G**LEVEL®

E ZPE BSSE AE AE; e,
Monomer -2892588.177 561477 - - _
Dimer -5785219.674 1126086 3524 43320 -36.664

*Eisthetotal energy; AE isthe uncorrected interaction energy; AE. ,pe. iSthe interaction
energy corrected for BSSE and ZPE.

It can be seen from Table-1 that, without BSSE and ZPE corrections, the total
energy of the dimer islower than the sum of energies of two monomers by 43.320
kJmol. After being corrected for BSSE and ZPE, the energy of the dimer is still
very low, which suggeststhat the dimer of 1-(2-furylmethylene)-4-phenyl thiosemi-
carbazide can be subsistent and is very stable. In addition, because the dimer is
connected only by two hydrogen bonds of N-H---S, wholeinteraction can be attributed
(approximately) to these hydrogen bonds. Hence, the average energy per hydrogen
bond can be deduced, which is about 21.660 kJ/mol before being corrected and
18.332 kJmol after being corrected. These two values are of medium grade, in
comparison with those reported previoudly (8-54 k¥mol)?. The proportion of BSSE
to the corrected interaction AEc zee: iS more than 5 % and less than 10 %, which
indicates that the BSSE correction for the interaction is necessary.

Optimized geometry: The molecular structures of the dimer and monomer
are both optimized at the B3LY P/6-311G** |level of theory and the optimized mole-
cular structure of the dimer with the atomic numbering schemeis shown in Fig. 1.
The atomic numbering scheme of the monomer is the same as the top one in the
dimer. Some selected X -ray diffraction data® together with some optimized geome-
trical parameters for the monomer and the dimer are listed in Table-2. (In view of
the symmetry of the dimer, only one molecule's geometrical parametersarelisted).
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Fig. 1. Optimized molecular structure of the dimer with atomic numbering scheme

According to the datain Table-2, one can draw two conclusions:. (1) most of the
optimized bond lengths are slightly larger than the experimental values. Thisisdue
tothefact that thetheoretical cal culations bel ong to isolated moleculesin the gaseous
phase at 0 K while the experimental results belong to moleculesin the solid phase;
(2) in both of the monomer and dimer, all the values of bond lengths and bond
angles in phenyl ring and furan nucleus are almost the same, while the geometric
parametersrelated to the atomsinvolved in hydrogen bonds of N(2)-H(2A)---S(1A)
[N(2A)-H(2AA)-S(1)] are different, with their values in the dimer being much
more nearer to the experimental values than those in the monomer. For instance,
S(1)-C(7) bond length in the dimer is 1.6922 A, which is almost equal to that in the
experiment [1.692(2) A], while in the monomer, the bond length of S(1)-C(7) is
only 1.6707 A. The other bonds lengths of N(1)-C(7), N(2)-C(7) and N(2)-N(3)
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TABLE-2
SELECTED MOLECULAR STRUCTURE PARAMETERS
B3LYP/6-311G** B3LYP/6-311G**
Bond lengths (A) Exp. (monomer) (dimer)

Calc. Calc.-Exp. Cdc. Calc.-Exp.
S(1)-C(7) 1.692(2) 1.6707 -0.0213 1.6922 0.0002
O(1)-C(9) 1.356(4) 1.3660 0.0100 1.3670 0.0110
O(1)-C(12) 1.407(5) 1.3593 -0.0477 13587  -0.0483
N(1)-C(7) 1.345(3) 1.3522 0.0072 13514 0.0064
N(1)-C(6) 1.432(3) 1.4099 -0.0221 1.4100 -0.0220
N(2)-C(7) 1.347(3) 1.3858 0.0388 1.3707 0.0237
N(2)-N(3) 1.381(3) 1.3473 -0.0337 1.3553 -0.0257
N(3)-C(8) 1.280(3) 1.2858 0.0058 1.2863 0.0063
C(1)-C(6) 1.379(4) 1.4041 0.0251 1.4042 0.0252
C(1)-C(2) 1.395(4) 1.3877 -0.0073 1.3878 -0.0072
C(3)-C(4) 1.380(4) 1.3914 0.0114 1.3914 0.0114
C(5)-C(6) 1.392(4) 1.3991 0.0071 1.3991 0.0071
C(8)-C(9) 1.433(4) 1.4367 0.0037 1.4366 0.0036
C(9)-C(10) 1.349(3) 1.3720 0.0230 1.3718 0.0228
C(10)-C(11) 1.428(6) 1.4258 -0.0022 14256  -0.0024
C(11)-C(12) 1.301(6) 1.3606 0.0596 1.3609 0.0599
Bond angles (°)
C(9)-0(1)-C(12) 104.8(3) 106.987 2.1870 106.968 2.1680
C(7)-N(2)-C(6) 127.21(19) 133.034 5.8240 133.705 6.4950
C(7)-N(2)-N(3) 120.0(2) 122.100 2.1000 120.343 0.3430
C(8)-N(3)-N(2) 116.5(2) 118513 2.0130 118.068 1.5680
N(1)-C(7)-N(2) 114.9(2) 112.430 -2.4700 113.276 -1.6240
N(3)-C(8)-C(9) 120.8(2) 122.341 1.5410 121.830 1.0300
N(1)-C(7)-S(1) 125.35(17) 130.091 4.7410 128.018 2.6680
N(2)-C(7)-S(1) 119.72(18) 117.478 -2.2420 118705  -1.0150
C(6)-C(1)-C(2) 119.3(3) 120.631 1.3310 120.662 1.3620
C(4)-C(3)-C(2 120.0(2) 119.095 -0.9050 119.078 -0.9220
C(4)-C(5)-C(6) 119.4(2) 119.428 0.0280 119.497 0.0970
C(10)-C(9)-O(1) 111.9(3) 109.718 -2.1820 109.692  -2.2080
C(12)-C(11)-C(10) 108.9(3) 106.025 -2.8750 106.007 -2.8930

corresponding with the hydrogen bond in the dimer are also more adjacent to the
experimental values than those in the monomer. As for the bond angles related to
atoms in the hydrogen bond of N—H---S, such as the bond angles of N(1)-C(7)-
N(2), N(1)-C(7)-S(1) and N(2)-C(7)-S(1), their values in the dimer are also close
to the valuesin the crystal structure than those in the monomer. Namely, the optimized
geometric parametersin the dimer show more remarkable agreement with the experi-
ment than the monomer, which support the fact that the 1-(2-furylmethylene)-4-
phenyl thiosemicarbazide exists as a hydrogen-bonded dimer in the solid state as
showninFig. 1.
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The experimental and cal culated hydrogen bond distances and angles arelisted
in Table-3. Since in the crystal structure, the hydrogen atom positions were fixed
geometrically at calculated distances and allowed to ride on the parent C and N
atoms, it can not be acceptable to compare the experimental distances of D-H
(hydrogen donor-hydrogen) and A-H (hydrogen acceptor-hydrogen) with the cal cu-
lated values. So, we can draw a comparison between the distance of D-A (hydrogen
donor- hydrogen acceptor) in the predicted structure with the experimental value.
As seen from Table-3, the calculated distance of D-A iscloseto that in the crystal
structure and the deviation is 0.087 A. The deviation of the hydrogen-bond angle
between the theoretical value and the experimental valueisonly 1.15°, which prove
the point that 1-(2-furylmethylene)-4-phenyl thiosemicarbazide exists as a hydrogen-
bonded dimer in the solid state once again.

TABLE-3
HYDROGEN BOND DISTANCES (&) AND /D-H--A (°) FOR THE DIMER?
D-H H-A D--A Z/D-H--A

D-H-A

Exp. Cdc. | Exp. Cdc. | Exp. Cdc. | Exp. Cdc.
Dimer N(2)-H(2A) --S(1A) 0.860 1.027 2541 2461 |3.382 3469 |165.96 167.14
®D means hydrogen donor; A means hydrogen acceptor.

In conclusion, all of aforementioned results reveal that the optimized dimer
closely resembles to the crystal structure and B3LY P/6-311G** level is suitable
for the system studied here. So the discussion above and thereafter is derived from
the optimized structure by using this level.

Natural bond orbital analysis. In order to probe the origin of the interaction
in the dimer, natural bond orbital (NBO) analyses at B3LY P/6-311G** |level were
performed. The donor and acceptor (here, donor = electron donor and acceptor =
electron acceptor) of NBO in the dimer and their interacting stable energies are
collected in Table-4. The stable energies are proportional to the NBO interacting
intensities. In the symmetric dimer, the atoms S(1) and S(1A) offer their first and
second lone pair electronstothe N(2A)-H(2AA) and N(2)-H(2A) antibonds, respec-
tively. Each of them givestotal stable energy of 51.714 kJ'mol, which corresponds
to intermolecular hydrogen bond.

TABLE-4
NATURAL BOND ORBITAL INTERACTING AND THE
CORRESPONDING STABLE ENERGY (kJmol)?

Donor Acceptor E
LP(1) S(2) BD* N(2A)H (2AA) 6.987
LP(2) S(1) BD* N(2A)H (2AA) 44.727
LP(1) S(1A) BD* N(2-H (2A) 6.987
LP(2) S(1A) BD* N(2)-H (2A) 44727

4P means lone pair; BD* represents antibond.
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Thermodynamic properties. Onthebasisof vibrationa analysisand statistical
thermodynamics, the standard thermodynamic functions, heat capacities (C%m),
entropies (S°) and enthal pies (H’%y,), were obtained and listed in Table-5.

TABLE-5
THERMODY NAMIC PROPERTIES OF 1-(2-FURYLMETHY LENE)-
4-PHENYL THIOSEMICARBAZIDE MONOMER AND THE
DIMER AT DIFFERENT TEMPERATURES®

T () Com S, HC, AS; AH, AG;
@mol* K" @ma™* K (kImol™) (Imol*K?) (kIJmol?) (kImoal™)
200.00 175.16 466.77 2151 - - -
298.15 251.16 550.83 4242 - - -
400.00 323.85 635.09 71.80 - - -
Monomer  500.00 382,01 71385  107.21 - - -
600.00 427.78 787.71  147.79 - - -
700.00 463.99 856.47  192.45 - - -
800.00 493.18 92040  240.35 - - -

Structure

200.00 361.66 861.20 44.38 -72.34 -38.828 -24.36
298.10 513.90 1033.85 87.32 -67.81 -37.708 -17.365
400.00 660.11 1205.88 147.31 -64.30 -36478 -10.758
Dimer  500.00 777.24 1366.26 219.40 -61.44 -35.208 -4.488
600.00 869.50 1516.46  301.92 -58.96 -33.848 1.528
700.00 942.54 1656.19  392.66 -56.75 -32.428 7.297
800.00 1001.44 1786.02  489.96 -54.78  -30.928 12.896

aAST = (§m)dimr -2x (§m)momma; AHT = (Hom +E+ ZPE)dimer —2x (Hom +E+ ZPE)monoma; AGT
= AH; — TAS; and the scale factor for frequenciesis 0.96.

It can be observed from the Table-5 that the heat capacities, entropiesand enthal-
piesincrease with theincrease of temperature from 200 to 800 K. It is because that
the intensities of molecular vibrations increase when the temperature increases.
Thevaue of C°,, for the dimer isslightly larger than the sum of the corresponding
values of C°%, of two monomers at each temperature.

During the process from the two monomers to the dimer, both the entropy and
enthalpy decrease with the increase of temperature from 200 to 800 K (ASr < 0,
AH~ < 0) and the changes of AS; and AH+ decrease astemperature increases. Therefore,
the intermolecular interaction is an exothermic process that is accompanied by the
decrease of confusion degree. According to the equation of AGr = AH+ - TASy, the
values of change of Gibbs free energy (AGry) in the processes are from negative to
positive. From T = 200 to 500 K, AGr < 0, which implies that the dimer forms via
spontaneous process. At 298.15 K on the cal culation model of ideal-gas, the calcu-
lated equilibrium constant, based on the equation AGr = -RT In K, is 1.102 x 10°,
It revedls that the dimer is the main component at this temperature. From 600 to
800 K and thereafter, the AGr > 0, indicates that the formation of the dimer is not
spontaneous. Based on thevaluesof ASr, AHr at 298.15K and 0.1 MPa, thetransition
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temperature of this spontaneous reaction is about 556.08 K. Although above con-
clusions are drawn based on the gaseous-phase state structure, they provide useful
information for the synthesis of the dimer under experimental conditions.

Conclusion

Dimer of 1-(2-furylmethylene)-4-phenyl thiosemicarbazide connected through
N—H---Shydrogen bonds has been investigated by DFT method at B3LY P/6-311G**
level of theory. The calculated results reveal that the dimer is more stable that the
monomer, with thetotal energy of the dimer being lower than that of the sum of the
two monomers. Comparisons of optimized geometric parameters with the experi-
mental data indicate that 1-(2-furylmethylene)-4-phenyl thiosemicarbazide exists
as a dimeric form in the crystal. Natural bond orbital analysis shows that in the
dimer, the atoms S(1) and S(1A) offer their first and second lone pair electrons to
the N(2A)-H(2AA) and N(2)-H(2A) antibond and each of them gives total stable
energy of 51.714 kJ/mol. The calculations of thermodynamic property suggest that
at 298.15K and 0.1MPa, in the process of forming the dimer, the values of AGr is
-17.365 kJmol, which implies that the dimer forms via spontaneous process and
the equilibrium constant K, is 1.102 x 10°,

ACKNOWLEDGEMENTS

Thiswork was supported by Natural Science Foundation of the Department of
Education of Jiangsu Province P. R. China (06K JD150033), Huaian Science &
Technology Bureau, Jiangsu Province, P. R. China (HAGO07025) and Fund of
Huanyin Teachers College (07HSBS004).

REFERENCES

1. G.A. Jeffrey and W. Saenge, Hydrogen Bonding in Biological Structures, Springer-Verlag,
Berlin (1991).

2. D. Philp and J.F. Stoddart, Angew. Chem. Int. Ed. Engl., 35, 1154 (1996).

3. D.C. Sherrington and K.A. Taskinen, Chem. Soc. Rev., 30, 7623 (2001).

4. A.C.Legon, Chem. Soc. Rev., 19, 197 (1990).

5. JH.G. Steinke and D.C. Sherrington, Trends Anal. Chem., 18, 159 (1999).

6. S Scheiner, Reviewsin Computational Chemistry, VCH, New York (1991).

7. M. Freccero, C. Di Valentin and M. Sarzi-Amade, J. Am. Chem. Soc., 125, 3544 (2003).

8. JK. Labanowski and J. Andzelm, Density Functional Methods in Chemistry, Springer Verlag,
New York (1991).

9. R.M. Dickson and A.D. Becke, J. Chem. Phys., 99, 3898 (1993).

10. N. Oliphant and R.J. Bartlett, J. Chem. Phys., 100, 6550 (1994).

11. H. Guo, S. Sirais, E.I. Proynov and D.R. Salaub, in ed.: D. Hadzy, In Theoretical Treatment of
Hydrogen Bonding, Wiley, New York (1997).

12. EF Jian, PS. Zhao, Q. Yu, Q.X. Wang and K. Jiao, J. Phys. Chem. A, 108, 5258 (2004).

13. PS. Zhao, FF. Jian, H.L. Xiao and PP. Sun, Pol. J. Chem., 78, 1935 (2004).

14. FEF Jian, PS. Zhao and Q.X. Wang, Chin. J. Struct. Chem., 24, 184 (2005).

15. FF JanandY. Li, Acta Crystallogr., E62, 02934 (2006).

16. PS. Zhao, R.Q. Li, L.L. Zhang and F.F. Jian, Pol. J. Chem., 80, 2031 (2006).

17. M.J.S. Dewar, E.G. Zoebisch and E.F. Healy, J. Am. Chem. Soc., 107, 3902 (1985).



Vol. 21, No.8(2009) DFT Calculationsof 1-(2-Furylmethylene)-4-phenyl Thiosemicarbazide Dimer 6143

18. C. Peng, PY. Ayda, H.B. Schlegel and M.J. Frisch, J. Comput. Chem., 17, 49 (1996).

19. M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, JA.
Montgomery, Jr. Vreven, K.N. Kudin, J.C. Burant, JM. Millam, S.S. lyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, JE. Knox, H.P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, JW. Ochterski, P.
Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich,
A.D.Danids,M.C. Strain, O. Farkas, D.K. Mdlick,A.D. Rabuck, K. Raghavachari, J.B. Foresman,
J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, |. Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, PM.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez
and J.A. Pople. Gaussian, Inc., Wallingford CT (2004).

20. A.E. Reed, B. Robert and F. Weinhold, J. Chem. Phys., 83, 735 (1985).

21. SF. Boysand F. Bernardi, Mol. Phys., 19, 553 (1970).

22. A. Johnson, P. Kollman and S. Othenberg, Theor. Chem. Acta, 29, 167 (1973).

23. G. Chalasinski and M.M. Szczesniak, Mol. Phys., 63, 205 (1988).

24. D. Philp and J. F. Stoddart, Angew. Chem. Int. Ed. Engl., 35, 1155 (1996).

(Received: 29 October 2008; Accepted: 23 May 2009) AJC-7590

INTERNATIONAL SYMPOSIUM ON OPTICAL
MEMORY 2009 (ISOM'09)

4—8 OCTOBER 2009
NAGASAKI, JAPAN
Contact:

ISOM Secretariat. e-mail:secretary @isom.jp,
web site http://www.isom.jp/




