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Inter- and intra- molecular hydrogen bonding plays important role in determining molecular structure,
physical and chemical properties, which may be easily ignored for molecules with a non-typical

. hydrogen bonding structure. We demonstrated in this paper that the hydrogen bonding is responsible

. for the different Raman spectra in solid and solution states of p-Nitrothiophenol (PNTP). The

. consistence of the theoretical calculation and experiment reveals that the intermolecular hydrogen
bonding yields an octatomic ring structure R? (8) of PNTP in the solid state, confirmed by the
characteristic S-H---O stretching vibration mode at 2550 cm~%; when it comes to the solution state, the
breakage of hydrogen bond of S-H---O induced the S-H stretching vibration at 2590 cm~2. Our findings
may provide a simple and fast method for identifying the intermolecular hydrogen bonding.

Hydrogen bonding is ubiquitous in nature and central to the structure and biological functions!~>. Experimental
and theoretical spectroscopic studies of weakly bonded intermolecular complexes provide a wealth of informa-
. tion on the structure and dynamics of such species and define a starting point for a detailed understanding of
: various macroscopic phenomena. Raman spectroscopy, as one of the powerful vibrational spectroscopy, has been
applied to studying inter- and intra- molecular interactions by analyzing the line profiles and wavenumber shifts
of selected vibrational Raman bands®”’.

Recently, PNTP®'° is widely used as a probe molecule to understand the electrochemical''-'® and photochem-
ical reaction mechanisms'’~**. The self-assembly of PNTP onto rough silver or gold surfaces has been charac-
terized by surface-enhanced Raman spectroscopy (SERS) with the disappearance of the S-H stretching band at
ca. 2550 cm™!1217-193435 By zooming in the normal Raman spectrum of PNTP solid in the 2500-2640 cm™*
region (as shown in Fig. 1a inset), we can observe a weak peak at ca. 2590 cm ™!, whose Raman intensity is around

© 5 times less than that of the traditionally assigned S-H stretching band at 2550 cm™'. However, the density func-
* tional theory (DFT) calculation with the Gaussian 09 software showed that the 2594 cm™! but not 2550 cm™!
. peakis from the S-H stretching vibrational of PNTP, and the 2550 cm ! peak is non-observable (seeing in Fig. 1b
© inset). We also simulated the Raman spectra of PNTP adsorbed on gold and silver surfaces, which there are no
© peaks in the Raman spectra region 2500-2640 cm™! of the S-H stretching vibration for Au;-PNTP and Ag;-PNTP
: (simulation as shown in Fig. S1).

Results and Discussion

The difference between the theoretical calculation and the experiment lies that the theoretical one is on the basis
of the free molecule without any interference from surrounding molecules, whereas the experimental result is
obtained from the solid state sample. It is well-known that the Raman vibration is ultra-sensitive to the molecular
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Figure 1. Experimental (a) and Theoretical (b) Raman spectra of PNTP. Inset: zooming in the region
2500-2640cm™".

structure, therefore, the inconsistence between calculation and experiment might be ignited from the strong
intermolecular interaction between two neighbour PNTP molecules in solid state, considering the disulfide
bonding’® between the two S-H or hydrogen-bonding® between S-H and N-O groups, respectively. By so far,
there is no report related to the PNTP crystal structure.

In order to figure out the origin of the two peaks of ca. 2550 cm™" and 2590 cm ™! observed in the S-H stretch-
ing vibration region, we simulated the Raman spectra of 4-Nitrophenyl disulphide (NPDS), the disulfate structure
of PN'TP (as shown in Fig. 2a), and R3(8) structure?, the hydrogen bonding dimer of two PNTP molecules using
density functional theory calculations (seeing in Fig. 2b).

No surprisingly, we can’t observe these two peaks of ca. 2550 cm™' and 2590 cm™ in the simulated Raman
spectrum of NPDS, due to the disappearance of S-H bond via the formation of disulfate. Instead, the peak at ca.
1084 cm™! of PNTP is split to two peaks at ca. 1059 and 1099 cm™! of NPDS, which is confirmed by the experi-
mental Raman spectrum of NPDS (seeing Supplementary in Fig. S2).

When it comes to the case of the hydrogen-bonding dimer system as shown in Fig. 2b, the two peaks at
2560 cm™! and 2593 cm ™! were clearly displayed, very similar to the two peaks observed experimentally.
Furthermore, the relative Raman intensity of the 2560 cm ™! peak to the 2593 cm ™ is 5-6 times, a value almost
identical to the experimental result shown in Fig. 1a. Whereas hydrogen bonding has a negligible effect
on the other main characteristic Raman peaks of PNTP, such as 1084cm™! (vC-S), 1336 cm™! (vNO,) and
1593 cm~}(vC-C).

Taking a look at the molecular structure of this dimer shown in Fig. 2b inset, we find that an octatomic ring
R} (8) is formed with the hydrogen bonding between S-H and N-O groups of the two neighbour PNTP mole-
cules. Compared to the S-H free of hydrogen bonding (d,, 1.348 A), the interaction between S and H atoms for the
d, bond (1.351 A) is weaker due to the formation of the S-H---O structure, which will induce the redshift of S-H
vibration from 2593 cm™! to 2560 cm™~!. Meanwhile, the formation of the hydrogen-bonding octatomic ring
greatly increases the Raman scattering cross section of the d; bond, which results in a much stronger Raman
intensity of d; than d, (More detailed explanation in supplementary Fig. S3). These phenomenons may be
explained with proton transfer mechanism®-*!. Therefore, the Raman spectrum obtained from the solid PNTP is
not from the PNTP itself, but the dimer structure shown in the insert of Fig. 2b.

Considering the hydrogen bonding is very sensitive to the environment and could be easily broken or formed
with the solvation effect*?*}, we dissolved the PNTP in tetrachloromethane (20mM) to obtain the normal Raman
spectrum in Fig. 3b. One Raman band at 2591 cm™ is clearly displayed, which can be assigned to the S-H stretch-
ing vibration of the free PNTP molecule and is in good agreement with the calculated value of 2594 cm™ (shown
in Fig. 3e). The appearance of 2550 cm ™! band (shown in Fig. 3a) is originated from the association of molecules
through the hydrogen bonding. PNTP dissolved in the CCl, induced the blue shift of the three main characteristic
Raman peaksat 1103cm ! (vC-S), 1344cm ™! (UNO,) and 1583 cm™! (VC-C) comparing with that of the PNTP solid
one (seeing Supplementary in Fig. S4). Besides, Fig. 3¢,d also show the infrared spectra of PN'TP in the solid state and
in CCl, solution, respectively. One could clearly observe that the disappearance of the vg ¢, peak at the 2544 cm™!
(More experimental and theoretical spectra seeing Supplementary in Figs S5 and S6) after the PNTP molecule being
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Figure 2. Theoretical Raman spectra and molecular structure and vibrational modes. (a) Theoretical
Raman spectra of NPDS. (b) Theoretical Raman spectra of two PNTP molecules with hydrogen bonds. Inset:
molecular structure and zooming in the region 2500-2640 cm ™.
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Figure 3. (a) Normal Raman spectra of the PNTP solid. (b) Normal Raman spectra of PNTP dissolved in
CCl,. (c) IR spectra of the PNTP solid. (d) IR spectra of PNTP dissolved in CCl,. (e) Schematic illustration of
hydrogen bond structure and breakage into two PNTP molecules.

dissolved in CCl,, which is further confirmed the hydrogen bonding of PNTP in the solid state. Similar solvation
effect was observed in in other solvents, such as dichloromethane (seeing Supplementary in Fig. S7).

Conclusion

In summary, hydrogen bonding between two PNTP molecules dimer was investigated by Raman spectroscopy
and DFT calculations. The Raman spectra sensitively captured partial structure changes of the molecule.
Structures and vibrational modes for pure PNTP and hydrogen-bonded R3 (8) complex with the stoichiometric
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ratio 1:1 were calculated. Both calculations and experiments show that 2550 cm™! can be assigned to the S-H
stretching vibration of the S-H---O structure, and 2590 cm™! is assigned to the S-H stretching vibration free of
hydrogen bonding. The observation not only indicates that conclusions stemmed from S-H stretching band of the
PNTP molecule in the literatures might need to be reinterpreted, but also may provide new insight for the widely
investigated interfacial chemical reaction of PNTP?*-** under external field by Surface-enhanced Raman spectros-
copy (SERS) or Tip-enhanced Raman spectroscopy (TERS). Besides, the current work provides a guideline for the
thioalcohol molecules recognition tool, a simple and fast method for identifying the intermolecular hydrogen
bonding.

Methods

PNTP was purchased from Aldrich. NPDS was purchased from Aladdin. CH,Cl, was purchased from Sinopharm
Chemical Reagent Co. Ltd. CCl, was purchased from Tianjin ZhiYuan Reagent Co. Ltd. KBr was purchased from
Tianjin FuChen Chemical Reagent Co. Ltd. All reagents were used without further purification.

The IR spectra of 20mM PNTP in CCl, was recorded at room temperature with an ATR-FTIR spectrometer
(Nicolet iS50). The IR spectra of PNTP solid with KBr was obtained at room temperature using an FT-IR spec-
trometer (Nicolet 6700).

All the Raman signals were obtained at room temperature using a confocal Raman microscopy system (inVia
Renishaw, UK) with a 532-nm laser for excitation. The Raman spectral resolution was 1 cm~!. The diameter of the
light spot was ~1.5um and the laser excitation power was 0.15mW for measuring the Raman spectrum of solid
state of PNTP and NPDS. The diameter of the light spot was ~6.5 um and the laser excitation power was 10.5mW
for measuring the Raman spectrum of 20mM PNTP in CCl, and CH,Cl,. All spectra were recorded using an
accumulation time of 10s.

The theoretical calculations of the molecular Raman spectra and IR spectra and their vibrational modes were
performed with the Gaussian 09 software using density functional theory, the B3LYP functional***, and the
6-311+G(p, d) level of theory.

References

1. Etter, M. C. Encoding and decoding hydrogen-bond patterns of organic compounds. Accounts of Chemical Research 23, 120-126
(1990).

2. McDonald, I. K. & Thornton, J. M. Satisfying Hydrogen Bonding Potential in Proteins. Journal of Molecular Biology 238, 777-793
(1994).

3. Bernstein, J., Davis, R. E., Shimoni, L. & Chang, N. L. Patterns in Hydrogen Bonding: Functionality and Graph Set Analysis in
Crystals. Angew. Chem.-Int. Edit. 34, 1555-1573 (1995).

4. Singh, D. K. et al. Hydrogen bonding in different pyrimidine-methanol clusters probed by polarized Raman spectroscopy and DFT
calculations. J. Raman Spectrosc. 42, 667-675 (2011).

5. Zhou, D.-D. et al. High-symmetry hydrogen-bonded organic frameworks: air separation and crystal-to-crystal structural
transformation. Chemical communications (Cambridge, England) 52, 4991-4994 (2016).

6. Schlucker, S., Singh, R. K., Asthana, B. P,, Popp, J. & Kiefer, W. Hydrogen-bonded pyridine-water complexes studied by density
functional theory and raman spectroscopy. J. Phys. Chem. A 105, 9983-9989 (2001).

7. Miura, T., Takeuchi, H. & Harada, I. Tryptophan Raman bands sensitive to hydrogen bonding and side-chain conformation. J.
Raman Spectrosc. 20, 667-671 (1989).

8. Grirrane, A., Corma, A. & Garcia, H. Gold-Catalyzed Synthesis of Aromatic Azo Compounds from Anilines and Nitroaromatics.
Science 322, 1661-1664 (2008).

9. Corma, A., Rodenas, T. & Sabater, M. ]. Aerobic oxidation of thiols to disulfides by heterogeneous gold catalysts. Chemical Science 3,
398-404 (2012).

10. Singh, G., Khatri, P. K., Ganguly, S. K. & Jain, S. L. Magnetic silica beads functionalized with cobalt phthalocyanine for the oxidation
of mercaptans in an alkali free aqueous medium. Rsc Advances 4, 29124-29130 (2014).

11. Matsuda, N. et al. Surface-Enhanced Infrared and Raman Studies of Electrochemical Reduction of Self-Assembled Monolayers
Formed from p-Nitrohiophenol at Silver. Chemistry Letters 21, 1385-1388 (1992).

12. Futamata, M. Surface-Plasmon-Polariton-Enhanced Raman Scattering from Self-Assembled Monolayers of p-Nitrothiophenol and
p-Aminothiophenol on Silver. J. Phys. Chem. 99, 11901-11908 (1995).

13. Matsuda, N., Sawaguchi, T., Osawa, M. & Uchida, I. Surface-Assisted Photoinduced Reduction of p-Nitrothiophenol Self-Assembled
Monolayer Adsorbed on a Smooth Silver Electrode. Chemistry Letters 24, 145-146 (1995).

14. Futamata, M. Application of attenuated total reflection surface-plasmon-polariton Raman spectroscopy to gold and copper. Applied
Optics 36, 364-375 (1997).

15. Futamata, M., Nishihara, C. & Goutev, N. Electrochemical reduction of p-nitrothiophenol-self-assembled monolayer films on
Au(111) surface and coadsorption of anions and water molecules. Surface Science 514, 241-248 (2002).

16. Zhao, L. B., Chen, J. L., Zhang, M., Wu, D. Y. & Tian, Z. Q. Theoretical Study on Electroreduction of p-Nitrothiophenol on Silver and
Gold Electrode Surfaces. J. Phys. Chem. C 119, 4949-4958 (2015).

17. Yang, X. M., Tryk, D. A., Ajito, K., Hashimoto, K. & Fujishima, A. Surface-enhanced Raman scattering imaging of photopatterned
self-assembled monolayers. Langmuir 12, 5525-5527 (1996).

18. Kim, K,, Lee, S. J. & Kim, K. L. Surface-enhanced Raman scattering of 4-nitrothioanisole in Ag sol. Journal of Physical Chemistry B
108, 16208-16212 (2004).

19. Shin, K. S., Lee, H. S., Joo, S. W. & Kim, K. Surface-induced photoreduction of 4-nitrobenzenethiol on Cu revealed by surface-
enhanced Raman scattering Spectroscopy. J. Phys. Chem. C 111, 15223-15227 (2007).

20. Shin, K. S., Park, C. S., Kang, W. & Kim, K. Effect of macroscopically smooth silver substrate on the surface-enhanced Raman
scattering of 4-nitrobenzenethiol adsorbed on powdered au. Chemistry Letters 37, 180-181 (2008).

21. Dong, B., Fang, Y., Chen, X., Xu, H. & Sun, M. Substrate-, Wavelength-, and Time-Dependent Plasmon-Assisted Surface Catalysis
Reaction of 4-Nitrobenzenethiol Dimerizing to p,p’-Dimercaptoazobenzene on Au, Ag, and Cu Films. Langmuir 27, 10677-10682
(2011).

22. Dong, B., Fang, Y., Xia, L., Xu, H. & Sun, M. Is 4-nitrobenzenethiol converted to p,p’-dimercaptoazobenzene or 4-aminothiophenol
by surface photochemistry reaction? J. Raman Spectrosc. 42, 1205-1206 (2011).

23. Wu, D.-Y. et al. Photon-driven charge transfer and photocatalysis of p-aminothiophenol in metal nanogaps: a DFT study of SERS.
Chem. Commun. 47, 2520-2522 (2011).

24. Sun, M. & Xu, H. A Novel Application of Plasmonics: Plasmon-Driven Surface-Catalyzed Reactions. Small 8, 2777-2786 (2012).

SCIENTIFICREPORTS | 6:31981 | DOI: 10.1038/srep31981 4



www.nature.com/scientificreports/

25. Sun, M., Zhang, Z., Zheng, H. & Xu, H. In-situ plasmon-driven chemical reactions revealed by high vacuum tip-enhanced Raman
spectroscopy. Sci. Rep. 2, 647 (2012).

26. van Schrojenstein Lantman, E. M., Deckert-Gaudig, T., Mank, A. J. G., Deckert, V. & Weckhuysen, B. M. Catalytic processes
monitored at the nanoscale with tip-enhanced Raman spectroscopy. Nature Nanotechnology 7, 583-586 (2012).

27. Zhao, L. B. et al. Theoretical Study of Plasmon-Enhanced Surface Catalytic Coupling Reactions of Aromatic Amines and Nitro
Compounds. J. Phys. Chem. Lett. 5, 1259-1266 (2014).

28. Kang, L. L. et al. In Situ Surface-Enhanced Raman Spectroscopy Study of Plasmon-Driven Catalytic Reactions of 4-Nitrothiophenol
under a Controlled Atmosphere. ChemCatChem 7, 1004-1010 (2015).

29. Xie, W. & Schlucker, S. Hot electron-induced reduction of small molecules on photorecycling metal surfaces. Nat. Commun. 6,7570
(2015).

30. Zhang, Z. L., Deckert-Gaudig, T., Singh, P. & Deckert, V. Single molecule level plasmonic catalysis - a dilution study of
p-nitrothiophenol on gold dimers. Chem. Commun. 51, 3069-3072 (2015).

31. Zhang, Z., Fang, Y., Wang, W., Chen, L. & Sun, M. Propagating Surface Plasmon Polaritons: Towards Applications for Remote-
Excitation Surface Catalytic Reactions. Advanced Science 3, 1500215 (2016).

32. Zhang, Z., Xu, P, Yang, X., Liang, W. & Sun, M. Surface plasmon-driven photocatalysis in ambient, aqueous and high-vacuum
monitored by SERS and TERS. Journal of Photochemistry and Photobiology C: Photochemistry Reviews 27, 100-112 (2016).

33. Fang, Y.R. Zhang Z. L. & Sun,M. T. High vacuum tip-enhanced Raman spectroscope based on a scanning tunneling microscope,
Review of Scientific Instruments 87, 033104 (2016).

34. Yang, X. M., Tryk, D. A., Hashimoto, K. & Fujishima, A. Surface-enhanced Raman imaging (SERI) as a technique for imaging
molecular monolayers with chemical selectivity under ambient conditions. . Raman Spectrosc. 29, 725-732 (1998).

35. Merklin, G. T., He, L. T. & Griffiths, P. R. Surface-enhanced infrared absorption spectrometry of p-nitrothiophenol and its disulfide.
Applied Spectroscopy 53, 1448-1453 (1999).

36. Kim, H. J., Yoon, J. H. & Yoon, S. Photooxidative Coupling of Thiophenol Derivatives to Disulfides. J. Phys. Chem. A 114,
12010-12015 (2010).

37. Zhang, ]. et al. Real-Space Identification of Intermolecular Bonding with Atomic Force Microscopy. Science 342, 611-614 (2013).

38. Sun, M. T. Control of structure and photophysical properties by protonation and subsequent intramolecular hydrogen bonding.
Journal of Chemical Physics 124, 054903 (2006).

39. Li, Y., Feng, Y. & Sun, M. Photoinduced Charge Transport in a BHJ Solar Cell Controlled by an External Electric Field. Sci. Rep. 5,
13970 (2015).

40. Zhang, Y., Sun, M. & Li, Y. How was the proton transfer process in bis-3,6-(2-benzoxazolyl)-pyrocatechol, single or double proton
transfer? Sci. Rep. 6, 25568 (2016).

41. Zhang, Y.-J., Zhao, J.-E. & Li, Y.-Q. The investigation of excited state proton transfer mechanism in water-bridged 7-azaindole.
Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy 153, 147-151 (2016).

42. Ayotte, P, Weddle, G. H., Kim, J. & Johnson, M. A. Mass-selected “matrix isolation” infrared spectroscopy of the I".(H,0), complex:
making and breaking the inter-water hydrogen-bond. Chemical Physics 239, 485-491 (1998).

43. Premont-Schwarz, M. et al. Correlating Infrared and X-ray Absorption Energies for Molecular-Level Insight into Hydrogen Bond
Making and Breaking in Solution. Journal of Physical Chemistry B 119, 8115-8124 (2015).

44. Becke, A. D. Density-functional thermochemistry. ITI. The role of exact exchange. The Journal of Chemical Physics 98, 5648-5652
(1993).

45. Stephens, P. J., Devlin, E J., Chabalowski, C. F. & Frisch, M. J. Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 98, 11623-11627 (1994).

Acknowledgements

This work is co-funded by National Natural Science Foundation of China (21573043, 21473140, 21373172) and
the Program for Changjiang Scholars and Innovative Research Team in University (No. IRT15R11). The authors
are thankful to Prof. Bin Ren, State Key Laboratory of Physical Chemistry of Solid Surfaces, Xiamen University,
for providing access to his laboratory, for initiating the authors into this field and also for his valuable professional
suggestions.

Author Contributions

J.T. and G.K.L. supervised the project and conceived the project and wrote the final paper. Y.L. wrote initial drafts
of the work. Y.L. and W.C.X. designed the experiments. R W.Y. simulated and analyzed the Raman spectra. D.Y.W.
discussed and revised the manuscript. All authors reviewed the manuscript and contributed the discussion of the
results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ling, Y. et al. The discovery of the hydrogen bond from p-Nitrothiophenol by Raman
spectroscopy: Guideline for the thioalcohol molecule recognition tool. Sci. Rep. 6, 31981; doi: 10.1038/
srep31981 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:31981 | DOI: 10.1038/srep31981 5


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	The discovery of the hydrogen bond from p-Nitrothiophenol by Raman spectroscopy: Guideline for the thioalcohol molecule rec ...
	Results and Discussion

	Conclusion

	Methods

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Experimental (a) and Theoretical (b) Raman spectra of PNTP.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Theoretical Raman spectra and molecular structure and vibrational modes.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Normal Raman spectra of the PNTP solid.



 
    
       
          application/pdf
          
             
                The discovery of the hydrogen bond from p-Nitrothiophenol by Raman spectroscopy: Guideline for the thioalcohol molecule recognition tool
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31981
            
         
          
             
                Yun Ling
                Wen Chang Xie
                Guo Kun Liu
                Run Wen Yan
                De Yin Wu
                Jing Tang
            
         
          doi:10.1038/srep31981
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep31981
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31981
            
         
      
       
          
          
          
             
                doi:10.1038/srep31981
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31981
            
         
          
          
      
       
       
          True
      
   




