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Abstract

We have obtained the first inelastic neutron scattering spectra of indole, a fundamental component of many important bio-molecular systems, including the amino acid tryptophan. Spectra of the powder, aligned crystals, and 1, 3 deutero indole are given. This has provided the first clear comparison with ab-initio frequency calculations of indole in the vapour and crystal phases. Details are extracted and assignment schemes given. The use of these indole assignments as a basis for understanding the spectra of substituted indoles is demonstrated by the treatment of the INS spectra of the 5- and 6-fluoro indoles.   
Introduction
Indole is an aromatic heterocyclic organic compound with a bicyclic structure; it consists of a six-membered benzene ring fused to a five-membered nitrogen containing pyrrole ring.  As the fundamental component of tryptophan, an important amino acid essential in human nutrition found in a vast number of proteins across the biosphere, indole is an extremely important bio-molecule.  It also forms the molecular basis for many significant alkaloids including serotonin (an important neurotransmitter) and melatonin (a hormone involved in regulating the sleep-wake cycle).  Recently, interest in indole has also stemmed from its role as a model for the fundamental building blocks of the ubiquitous melanin bio-pigment [1 - 3]. 
Melanin is a macromolecule of DHI (5,6-dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-carboxylic acid), formed via enzyme catalysed oxidative ring closing of tyrosine [4].  It exhibits many fascinating physical properties, including condensed phase electrical conductivity and photoconductivity [5] and a unique broadband absorbance spectrum, which it has been proposed is caused by a high level of chemical disorder [6, 3].  The broadband absorbance of melanin is likely related to its biological function as a photoprotectant, although it is paradoxically also implicated in melanoma skin cancer [7, 8].  Melanin also exhibits efficient non-radiative relaxation of photoexcitations [9].  This is highly significant for its biological functionality, hence it is extremely important to understand the vibrational properties of melanin.  Indole is an excellent model compound for the building blocks of melanin; therefore clearly understanding the vibrational spectrum for indole forms a vital first step towards unravelling the de-excitation pathways of the melanin bio-system.
The vibrational spectroscopy of indole has, unsurprisingly, attracted a great deal of attention. Being an important model compound for the biologically significant tryptophan molecule and also, at one time, close to the limits of size for conducting ab-initio calculations, indole attracted a great deal of interest; at least a dozen papers were published between 1980 and today on its spectroscopy [10 - 21]. However, a degree of diversity appeared in the reported results for the low-mid frequency region (say below 1100 cm-1) as can be seen by referring to the collated results shown in Table 1. This diversity has been discussed in the literature [18]. Although most of the variations between authors are the result of differences in the experimental techniques used, or uncertainties of measurement, as well as sensitivity in several indole frequencies to changes of state, there remain significant differences in the number of bands reported. Moreover, the reported band positions are not fully consistent between authors, some bands being reported by only a few authors. Lastly, the character of the observed vibrations is also in some dispute and bands reported at very similar frequencies are attributed by different authors to modes of A” or A’ character, the bands about 761 and 899 cm-1 are cases in point. 

It was this confusion of experimental results for such an important bio-molecule that drove the early ab-initio calculations in an attempt to obtain a better assignment scheme. Most of these foundered on the need to scale the calculated frequency results differently for the 29 in-plane modes (A’) and the 12 out-of-the-plane modes (A”). Such that, although the order of the A’ modes (or A”) is consistent between recent calculations, where the A’ modes sit, with respect to the A”, is still open. 
We have recently undertaken a study of indole using Inelastic Neutron Scattering (INS) spectroscopy to underpin our interpretation of the spectroscopy of some melanin precursors. Molecular vibrational spectroscopy with neutrons is a well established technique that makes use of modern spallation neutron sources to obtain spectral bandwidths similar to those obtained from the optical spectroscopy of solids [22]. INS has the advantage that its observed intensities can be simply and immediately compared to calculations of the mean square vibrational atomic displacements that appear as output from standard ab-initio programs. Moreover, the technique emphasises those vibrational modes involving hydrogen motions and is ideal for the study of organic molecular crystals, it is described in detail elsewhere [22]. It is worth noting that the neutron scattering cross section of hydrogen is incoherent in nature and the coherent aspects of any excitations in the sample, like dispersion, cannot be followed. Here we report the results of our vibrational study of powdered indole, aligned indole crystals, the 1,3 deutero-, the 5- and 6- fluoro substituted indoles.        
Crystallographic and Calculational considerations

Indole crystallises in the orthorhombic system, with space group #33 (Pna21 or C92v), and four molecules to the unit cell [23]. When crystallised from cyclohexane it forms thin plate-like crystals with the crystallographic c-axis perpendicular to the developed face. Indole aligns its longest molecular axis almost parallel to the c-axis, see Table 1 and Fig. 2 of ref. [12]. Approximately one third of the molecules are disoriented (if the oriented sequence, projected onto the c axis, should be B-P B-P B-P then the disoriented sequence is B-P P-B B-P [23]). 
Ab-initio calculations
Our calculations were performed in GAUSSIAN98 [24] for the isolated molecule and the substituted indoles, whilst CASTEP [25] was used for both the isolated molecule and the crystalline solid. In  GAUSSIAN98 the molecular geometry was constrained planar and optimised at the B3LYP level, the DFT calculation (with the 6-31G** basis set) produced harmonic vibrational frequencies. 
Solid indole was investigated with periodic DFT using a plane wave basis-set and pseudopotentials as implemented in the CASTEP [26] code. A full geometry optimization of the internal atomic co-ordinates was carried out with a plane-wave cut-off energy of 900 eV with the CA-PZ [27] version of the local density approximation within DFT in conjunction with optimised norm-conserving pseudopotentials. The Brillouin zone sampling used a 3×4×2 grid of k-points generated using the Monkhorst-Pack method. The total energy converged to less than 1 μeV/atom and the forces to better than 6 meV/Å. Attempts to optimise both the lattice parameters and the internal co-ordinates resulted in a greatly expanded lattice (volume >150% of the experimental structure), this is a consequence of weak intermolecular forces that are not explicitly included within the DFT description of the solid. To circumvent this problem, the lattice parameters were fixed at the crystallographically determined values. The vibrational modes were calculated using density-functional perturbation-theory [25] to compute the dynamical matrix, only at the Γ-point (i.e. mode dispersion is ignored). 

The atomic displacement vectors appearing in the output files (‘.LOG’ file for GAUSSIAN98 and the ‘.phonon’ file for CASTEP) were used as input to the aCLIMAX program.

Data visualisation 

aCLIMAX [28] is a stand alone program written in Visual Basic but using Fortran for the mathematical calculations. It can be used to display the INS spectra taken on any low-bandpass spectrometer and compare these with the results of ab-initio calculations [22]. The program accepts input from a broad range of commonly available ab-initio programs, including GAUSSIAN98, CASTEP and, in principle, any eigenvalue and eigenvector data (in the correct units) is usable. 
Unlike optical spectroscopy, the INS technique readily expresses not only fundamentals but also all combination bands and overtones, fortunately these intensities are readily computed [22]. The aCLIMAX program performs these calculations (combinations and overtones are treated harmonically out to the tenth order) and adds the contributions from all sources of intensity to the total spectrum. Most of the calculated contributions from these multiple excitations add only weak and very broad features to the region above 1500 cm-1. However, in the mid frequency range sharp overtones and combinations, arising from intense bands at low energies, are sometimes found. Critical to the appearance of strong INS features (fundamentals, overtones or combinations) is the reduced mass of the vibration involved. Generally, hydrogenous vibrations of low reduced mass produce strong fundamentals and overtone sequences in INS and also show significant H/D isotope shifts in optical spectroscopy [22]. 
Profiting from rapid numerical routines aCLIMAX generates all the transition bands as Gaussian profiles according to a set of fixed parameters and, as such, observed bands of dramatically different widths, in the same spectrum, are not readily accommodated. 
Experimental
Samples

Indole, > 99%, was obtained from the Aldrich Chemical company and used without further treatment.  The 1,3 D-indole was produced by placing 5g of indole in a 1000-fold excess of heavy water at 60 C, whilst stirring vigorously for about 48 hours [29]. On cooling, large indole crystal platelets (0.4g) formed and were filtered at the pump. Other products (probably through polymerisation) coalesced on the side of the reaction vessel. The isotopic purity of the compound was not determined.
Single crystals of indole were produced by pouring an almost saturated, hot solution of indole in cyclohexane onto a hot, shallow, flat dish. The dish was allowed to cool and crystal platelets formed in groups parallel to the liquid surface. Excess cyclohexane was removed at the pump. Around the edges of the dish the orientation of the indole crystal groups was less obvious, these regions were rejected when the crystals were harvested. The process was repeated several times to accumulate sufficient product. The harvested crystal groups were carefully arranged in a simple mosaic, producing a common orientation, the sample weight was 0.7 g. 
Spectrometer
The samples were wrapped in aluminium foil (5g of indole, 0.7g crystals, 0.35g 1,3 D, 0.45g 5 F and 6 F indole) and held in flat sample cells. These were maintained at 20K in the neutron beam of the TOSCA spectrometer [30], at the ISIS Facility, The Rutherford Appleton Laboratory, Chilton, OX11 0QX, UK. TOSCA is a pulsed neutron, indirect geometry, low band-pass spectrometer with good spectral resolution  (ΔEt/Et ≈ 2%) [30]. On these types of spectrometer each energy, Et, is associated with a specific momentum transfer value, Q, as such mode dispersion cannot be tracked on these spectrometers.  Also, the momentum transfer vector, Q, is perpendicular to the face of the sample cell [22]. Data were collected for about 6 to 12 hours and transformed into the conventional scattering law vs energy transfer (where Et is given in cm-1), using standard programs. 
Specific data treatment

Many of the observed bands had full-widths at half-height, FWHH, similar to the spectrometer’s resolution, except the indole feature at 516 cm-1, which was three times broader than its neighbours, see Fig.1. The spectral region from 400 to 700 cm-1 was best fitted with seven Gaussian shapes and the fitting parameters fixed. The parameters of the Gaussian fitted to the 516 cm-1 band were changed to give a band one third as narrow and three times more intense, i.e. intensity was conserved. The version of the experimental spectrum used for comparison with aCLIMAX calculations involving GAUSSIAN98 output was amended to take this change into account, see Fig. 2.
Calculated structural results

The GAUSSIAN98 calculated molecule of indole had a dipole of 2.1146 D, an energy of -955150.721 KJ mole-1 [-363.745 Hartree] and rotational constants of  3849.04, 1616.77 and 1138.54 MHz. These and other values compare reasonably with those of recent work [21]. Here we quote only two bond lengths of interest; N-H = 1.006 Å and ring-fused C-C = 1.430 Å. For the purposes of comparison the H(2) to H(5)[(6)] distance was 6.727 [6.670] Å. The CASTEP molecule had an energy of -157355.859 KJ mole-1 [-59.925 Hartree] and with its H(2) to H(5)[(6)] distance of 6.636 [6.578] Å, was comparable to within 2% overall on distances; specifically, N-H = 1.011 Å and ring-fused C-C = 1.406 Å.    

In the ordered crystal (where the known crystal disorientation, see above, is ignored) the molecules have an enthalpy of -629504.838 KJ mole-1 [-239.731 Hartree] for the system constrained to the measured lattice parameters. The N-H bond had increased, to 1.111 Å and the ring-fused C-C only slightly, to1.412 Å. 

Discussion

The observed spectrum of indole, 20K, is shown in Fig. 1, and detailed in Table 1. The external modes appear below 145 cm-1, not shown in Fig 1, they are strong but poorly differentiated. Despite the known disorientation the indole molecules are on well defined sites since they give rise to a series of reasonably sharp bands covering the internal mode region from 230 to 4000 cm-1.  Also shown in Fig. 1 is the spectrum of the crystalline sample. In principal this spectrum was taken with the momentum transfer vector, Q, in the molecular plane and parallel to the long molecular axis. Under such an arrangement A’ modes are active and A” modes are silent. However, from Fig. 1, it can be seen immediately that modes of both characters are active. This is caused by an imperfect alignment of the sample and, or, the effects of multiple scattering [22]. Both effects randomise the crystal alignment and produce a contaminating pseudo-powder spectrum that adds to the true crystal spectrum. Thus all modes, including those that should have been silent, appear as they would in the powder spectrum. The A’ modes appear upon this spectrum with enhanced intensity. To emphasise this outcome the spectra of the powder sample and the aligned sample were normalised to each other in the region 200 to 300 cm-1, as shown in Fig. 1. Wherever a band appears stronger in the crystal spectrum, of Fig. 1, it is from an A’ mode, unsurprisingly the intensities above 1050 cm-1 are all strongest in the crystal spectrum [10-21]. This result clearly identifies six A’ modes in the spectral region below 1050 cm-1, see Fig.1 and Table 1. Apart from these bands a further ten features are clearly distinguished in the powder spectrum of same region, see Fig.1.
We turn now to the results from the INS of 1,3 D indole, shown in Fig. 2, and reported in the ‘H/D’ column of Table 1. Deuteration of molecules affects INS spectra in the same manner as it effects optical spectra, bands involving exclusively displacements of the 1, 3 hydrogen’s of indole should show large H/D shifts. Furthermore, in INS spectroscopy this effect is enhanced. Since the total neutron scattering cross section of deuterium (7.64 b) is an order of magnitude less than hydrogen (82 b), any vibrations involving exclusively the 1, 3 hydrogen’s of indole will disappear from the INS spectrum of 1, 3 D indole. 

However, in indole, it is difficult to exploit this potentially dramatic effect. In part this is because few vibrations of indole involve only the 1, 3 hydrogen atoms. Such that few vibrations disappear and the 1,3 D indole intensities are simply reduced. Another concern stems from the likely partial alignment in the 1, 3 D indole sample. No consistent normalisation of relative intensities could be achieved across the spectrum between the 1, 3 D indole data and that of powdered indole but it was readily achieved using the spectrum of aligned indole. Thus, if the 1, 3 D indole and the aligned spectra are normalised over the bands about 239 cm-1 (this mode is calculated to retain 91% of its intensity in the deuterated system), the observed ratio of the C-H stretching mode intensities (about 3200 cm-1) is 0.67 compared to the 0.77 expected. The two spectra are compared on this basis in Fig. 2, and, although less than ideal, we can exploit this comparison to extract some limited but important information from the 1, 3 D indole spectrum. Below 1200 cm-1 only two vibrations show a total absence in 1, 3 D indole, at 516 and  about 1109 cm-1, and four show a significant reduction in intensity, 619, 896, 1059 and 1119 cm-1. 

The broad band at 516 cm-1 in indole is immediately assigned to γ-NH since its absence in 1, 3 D indole is completely in line with expectations for this mode [10-21]. Although 1109 cm-1 is the region where we might expect γ-NH (0-2), which would account for some intensity loss, rather too much is lost for it all to be associated simply with the γ-NH overtone. Rather, this is probably associated with the H/D sensitive optical modes reported at 1147 and 1092 cm-1 and possibly that at 1064 cm-1 [10] (bearing in mind that the work reported in [10] refers to 1, 2, 3 D indole). Interestingly the broad 850 cm-1 feature  is rather stronger in the deuterated sample and this is probably due to the shift of intensity from the 1109 cm-1 region of the perhydro spectrum, again as suggested in optical work [10]. Our calculations also show that the A’ mode at 896 cm-1 shifts down to about 886 cm-1 on 1, 3 deuteration and this, along with a significant intensity drop, is observed. 
The form of the vibrational modes of the indole molecules in the CASTEP crystal calculation were easily separated, by visual inspection of the displacement vectors, into in-plane and out-of-plane types. These vibrations correlated precisely with the calculated form of the vibrations of the CASTEP isolated molecule. Moreover, they also correlated well with the forms calculated in GAUSSIAN98, with only a few minor phase differences between atomic displacements involving both rings. Comparison of the calculations, see Table 2 columns ‘CASTEP(i)’ and ‘(Xstal)’, shows that several A” vibrations suffer significant shifts, typically 20 cm-1, upon condensation into the solid, as is observed by optical spectroscopy (see Table 1).
Assignment by inspection

The results of the CASTEP crystal calculation were compared directly to the INS  results using the aCLIMAX program, see above. Below 1100 cm-1 the main features of both the observed and calculated spectra are conveniently discussed in six regions; A (200-300 cm-1), B (360-450 cm-1), C (450-650 cm-1), D (700-800 cm-1), E (800-900 cm-1) and F(900-1100 cm-1). These are composed, as can be determined from the calculated spectrum (see Table 2), of the following contributions; in A (2 modes, at 238 and 262 cm-1), in B (2, at 398 and 424 cm-1), in C (5, at 680, 541, 584, 600 and 609 cm-1), in D (4, at 729, 746, 762 and 776 cm-1), in E (4, at 850, 863, 872 and 931 cm-1) and, finally, in F (3, at 964, 1009 and 1037 cm-1). The calculated intensities of the INS signals from powdered indole show that A” modes are, on average, over twice the strength of the A’ modes (with the exception of the A’ mode calculated at 398 cm-1, see Table 2, Xstal). This, taken together with the positions of A’ modes, from Fig. 1, allows a straightforward assignment by inspection, except for the detailed distribution of transitions contributing to the broad structured features observed at 750 and 850 cm-1. In these regions precise band locations are open to some limited interpretation. We offer no new information on assignments above 1000 cm-1 and, in this region, have accepted previous assigned frequency values [10 - 21] where our data give no clear features.

We can directly compare the observed spectrum to the spectrum calculated for the assignments of Table 2 by scaling the GAUSSIAN98 calculated frequencies individually (that is, by allowing each mode to have its own unique scaling factor). The scaled frequencies are also given in Table 2, see column ‘Fig. 3’. The INS intensities are almost unchanged by this procedure [22]. The lowest energy transition, ring-ring anti-wag (ν 42) is observed as a Davidov doublet and this is accurately reproduced in the CASTEP calculation, as shown in the inset to Fig. 2.  The forms of the indole vibrations were compared, using the program ViPA [31], with those of the parent cycles, benzene [32] and pyrrole [33]. The results of this exercise are the mode descriptions given in Table 2. In agreement with many previous authors we also find that several modes are localised on only one of the rings [10-21]. 
The final comparison of data and calculation is shown in Fig. 3, where we have used the modified INS data. The modified spectrum has brought the greater width of the γ-NH mode into line with those of the other spectral features, as discussed in the experimental section. It has been speculated that this width was related to a putative NH….π hydrogen bond in the solid [12] and, indeed the calculated NH bond length increases some 0.1 Å on condensation, see above. However, there is no clear indication of direct hydrogen bonding to specific contacts in the solid and the intermolecular distances are rather too long [10]. Certainly the frequency of γ-NH is dramatically changed on condensation, since it is observed to move up some 90 cm-1 [16], and it has a much greater calculated move 261 cm-1, see Table 3. Both calculations show that the mode retains a degree of vibrational purity that is not supported either from optical observations [10] or our own data on the strength of the γ-NH (0-2), see below. Rather, we believe that the width of the γ-NH mode is related to the crystallographic disorder, here short-ranged intermolecular interactions (randomised by disorder) creat high- and low-energy environments. Unfortunately this disorder cannot be modelled by CASTEP and we are left speculating as to the precise nature of the interactions involved.
As can be seen from Fig 3, the general distribution of calculated intensities is good, with some exceptions. Perhaps the most obvious being an unassigned strong feature calculated at 1032 cm-1. This appears because of the use of the harmonic approximation in the aCLIMAX calculation, 1032 cm-1 (( 2 ( 516) and its limitations regarding band widths. (The calculated overtone should have appeared at least (2 broader than its parent fundamental transition, say 64 cm-1, FWHH.) Moreover, given that the hot-band structure of γ-NH, in the vapour, shows a quartic type response [11, 16] we might expect the overtone intensity to appear above 1032 cm-1, where the current model lacks some intensity, see Fig. 3. We also note that the strength of the lowest A’ mode, 397 cm-1, is significantly underestimated in all calculations. This is the strongest INS feature in Fig.1, especially in the aligned sample, and , given the difficulties encountered with the 1, 3 D indole sample, it must raise some suspicion, however slight, of a partial alignment even in the powdered sample.   
This careful and complete assignment of the vibrational spectrum of indole forms an invaluable basis for understanding the vibrations of other functionalised forms of indole that are of interest in bio-molecular systems.  In particular, this study provides a sophisticated analysis of a fundamental building block of the bio-pigment melanin, it will form the basis of a better understanding of the non-radiative relaxation processes essential for the functionality of this important bio-molecule.
The 5- and 6- fluoroindole

We shall demonstrate the utility of the vibrational scheme given for indole above by comparing it to the calculated and observed INS results from two simple substituted indoles. Here the indole assignments act as the basis descriptors of the substituted indoles in the same way that the vibrations of benzene and pyrrole served to describe those of indole itself. The choice of these simple substituents gives confidence in the results, allows the clear identification of suppressed modes and generates results for model compounds of the 5- and 6-hydroxy substituted indoles.     

The INS spectra of 5- and 6- fluoroindole are shown in Fig. 4, and detailed over the low energy region in Table 3. The spectra are particularly clean and sharp, some features in the 1100 cm-1 region being instrument resolution limited. Based on (GAUSSIAN98) isolated molecule calculations and the results from indole described above, the assignments given in Table 3 were obtained straightforwardly. The mode descriptions of the fluoroindoles are given in terms of the indole modes of Table 2, using the ViPA program [31]. 

Two low energy modes are generated by the fluorination of the indole ring, at about 255 cm-1, in-plane δCF, and 325 cm-1, out-of-plane γCF. Accordingly, one in-plane and one out-of-plane mode are suppressed at higher frequencies. It is clear from the assignments that the suppressed out-of-plane modes in the 5-F and 6-F compounds do not occur at the same frequency. Rather the suppressed mode in the 5-F indole would have appeared about 750 cm-1 and that of the 6-F about 930 cm-1. The assignments given in Table 3 differ significantly from those based on earlier optical data [34]. 
Conclusions
The inelastic neutron scattering spectra of indole, both as powder and aligned crystals, and 1, 3 D indole have been compared to their spectra derived from ab-initio calculations, both for intensities and band positions. These formed the basis for the assignment scheme given in Table 2. The careful and reliable assignment of these vibrational spectra forms a solid basis for study of the many highly significant bio-molecules that are based on indole, including the vast number of important tryptophan containing proteins, many alkaloids with varied bio-functions, and the ubiquitous indole-containing melanin bio-pigment. With respect to the later, further work is underway with the objective of understanding non-radiative decay pathways in model melanin components. To demonstrate how these assignments might be exploited the INS spectra of the 5- and 6- fluoroindole were also assigned.
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Figure Captions
Fig. 1.

The Inelastic Neutron Scattering spectrum of powdered indole, 20K, in the region below 1500 cm-1, shown as the weaker spectrum in a continuous line.  Notice the width of the band at 516 cm-1. Also shown, as the stronger spectrum in a discontinuous line, is the INS spectrum of aligned crystals of indole. The two spectra are normalised over the region 200 to 300 cm-1. The strongest feature, at 397 cm-1, has an intensity of 2 in the aligned (stronger) spectrum. The molecular structure of indole, with its numbering scheme is shown in the insert picture.
Fig. 2.

The INS spectrum of 1, 3 D indole, shown as the weaker spectrum in a continuous line. This is compared with the INS spectrum of the aligned indole crystals, as discussed in the text, shown in a discontinuous line. 

Fig. 3.
The INS spectra of indole powder, as observed (continuous line) and as calculated and attributed in the text (discontinuous line). The observed intensity at 516 cm-1 has been narrowed to aid the comparison process, see text. Also shown, as an inset, are the results from the CASTEP calculation for the very lowest transitions.  

Fig. 4.
The observed INS spectra of 6-fluoroindole (continuous line) and 5-fluoroindole (discontinuous line). The spectrum of the 6-fluoroindole has been displaced upwards for clarity. 
Table 1.

Table of the band positions, cm-1, in the INS spectrum of indole as compared to some results of several previous optical studies.
The minimum, the average and the maximum reported value of each optical transition (only from results for the solid state) is given in the ‘consolidated’ column. (Values given in italics are from vapour phase or matrix isolation studies). The character, χ, of the mode is inferred from the relative strengths of the bands in the single crystal spectrum below 1100 cm-1, see text. The reduction of the INS band intensities due to deuterium substitution at the 1 and 3 positions is given in the ‘H/D’ column; min = minimal reduction, sig = significant reduction, maj = major reduction.  
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Table 2

Table of the ab-initio calculated frequencies (cm-1) of indole compared with observations, as discussed in the text. The list of frequencies (cm-1) used in Fig 3, is also given.
Where GAUSSIAN98, isolated molecule, results are in the column headed G98 (i). The results from the isolated molecule in CASTEP are under  CASTEP (i) and the average crystal calculation under CASTEP (Xstal). [In parenthesis, the spread of frequencies for the full crystal calculation, if greater than 5 cm-1]. Our mode descriptions are taken from the GAUSSIAN98 output and given with respect to the modes of the parent cycles benzene and pyrrole, (after [31]); Bz[x(y)] implies that this indole mode has x% of the benzene mode number y [32], similarly for pyrrole [33], Py (only contributions greater than 5% are shown).
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Table 3

Table of the assigned frequencies, cm-1, of 5-fluoro (5-F) and 6-fluoroindole (6-F) compared with those of indole (Table 2 ‘Fig. 3’), where the mode numbers, ν, refer to indole. 
The reported results from optical spectroscopy [34] are also given. The descriptions of the fluoro vibrations are given in terms of those of indole (after [31]); x(y) implies that this fluoroindole mode has x% of the indole mode number y (only contributions greater than 20% are shown).
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