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Abstract
 

The conformer of biphenyl varies depending on the molecular environment. Biphenyl’s dihedral angle is closely related to the energy of the 
singlet electronic state that can be detected by fluorescence spectroscopy. Therefore biphenyl is an ideal probe of the surface morphology 
of an adlayer upon which it is placed. With this in mind, the effect of annealing adlayers of a homologous series of chloroalkane, starting 
with 1-chloropropane through 1-chlorooctane, was investigated. Vapor deposition typically results in a highly amorphous adlayer. However 
annealing can have a huge ordering effect. 1-Chlorohexane, 1-chloroheptane and 1-chlorooctane showed that annealing does cause the ad-
layer to become highly organized presumably resulting in a parallel arrangement to each other that allows biphenyl in a planar conformer to 
deposit into the vacancies between molecules whereas 1-chloropropane, 1-chlorobutane and 1-chloropentane caused biphenyl to deposit 
on top in its normal twisted conformer. A tentative explanation for the latter result is that biphenyl did not fit within the structure, because 
of disorder in the adlayer. These results indicate biphenyl‘s potential use as a probe of surface ordering.
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introduction
 
 In the solid phase, biphenyl’s dihedral angle between the two 
planar phenyl groups may vary.1-3 In the gas phase, the dihedral 
angle is about 45o,4 whereas in the crystalline state at room tem-
perature, the two rings are in a double minimum potential and 
statistically centered.2 The 45o dihedral angle that is observed in 
the gas phase is the result of the competition between the steric 
hindrance and repulsive forces of the ortho-hydrogens on one hand 
and the π-electrons that can delocalize with lower energy if the 
phenyl groups were co-planar.3 The molecular fluorescence emis-
sion of biphenyl has been well documented.5,6 The spectral profiles 
of several substituted biphenyls in which the biphenyl was in the 
planar and out-of-plane conformers have been examined.7,8  The 
λmax ~ 320 nm fluorescence has been assigned to the non-planar 
conformer of biphenyl and the λmax ~ 340 nm fluorescence has 
been assigned to the planar conformer.8,9 When vapor deposited on 
Al2O3 at 138 K, the amorphous planar conformer predominate and 
has a λmax ~ 370 nm that has been attributed to the excimer.8-11 More 
recently, the specific dihedral angles of biphenyl were correlated to 
the fluorescence spectrum.12 For example, the 320 nm fluorescence 
has been attributed to the biphenyl conformer with a dihedral angle 
of 37º and  the 340 nm fluorescence to a dihedral angle of 4º.12  

By using light scattering, n-alkanes on graphite showed that 
hexane and longer alkanes gave rise to surface tension and surface 
energies that  were higher than expected.13-16 This was attributed 
to London dispersion forces between parallel molecules and the 
term, ‘correlated molecular orientation’, CMO, was ascribed.13-16 
By scanning tunneling microscopy, n-bromo- and n-chloroalkanes 
on graphite were studied that showed that the halogens were on 
the same side while the alkane groups crystallized side by side.17,18  

In a previous study, biphenyl was used to probe the surface 
morphology created by these n-alkanes that had been deposited 

on Al2O3.
19 When the alkyl group was heptane and longer, the ex-

cimer of biphenyl was observed, instead of the twisted conformer 
observed with the shorter chain n-alkanes.19  The tentative expla-
nation was that due to CMO, these longer alkanes formed grooves 
into which biphenyl could land if it were in the planar conform-
er.19  Reported in this paper are the results of additional studies in 
which biphenyl was used as a probe to determine the  morphogy of 
the surface created by 1-chloroalkanes deposited as an underlayer. 
The dihedral angle of biphenyl was determined from the best fit 
line of the dihedral angle as a function of the wavelength of the 
fluorscence.13 The surface morphology of the homologous series 
of 1-chloroalkanes can be inferred from the dihedral angles of bi-
phenyl and allows an indirect alternative method to x-ray crystal-
lography as shown in Scheme 1.

experimental

Biphenyl and the chloroalkanes that were used in this sut-
dy were of the highest purity that were commercially available, 
> 99% (Sigma-Aldrich, St. Louis, MO). These compounds were 
placed in separate sample holders, outgassed and introduced into 
the ultra-high vacuum chamber with background base pressure 
of 1 x 10-9 torr. Deposition onto a single crystal of Al2O3 (0001) 
(Crystal Systems, Inc., Salem, MA) was accomplished from the 
vapor through variable leak valves. The substrate was suspended 
on the end of a liquid nitrogen cryostat via copper post on either 

Scheme 1. Postulated molecular arrangement of biphenyl with 1-chlorohexane 
underlayer on Al2O3.
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side of the Al2O3 with a sapphire spacer for electrical and thermal 
isolation. Resistive heating of the Al2O3 was done by sending cur-
rent through a thin tantalum foil that was in thermal contact with 
the substrate. A type-K thermocouple that was also in thermal con-
tact with the Al2O3 monitored the temperature.
 

Details of the experimental set up have been previously pub-
lished15 and a brief summary is given here. During the temperature 
programmed desorption, TPD, a LabVIEW (National Instruments, 
Austin, TX) program that was written in-house was used to take 
the fluorescence spectra from the Ocean Optics USB4000 spec-
trometer (Ocean Optics, Dunedin, FL) fluorescence spectra were 
acquired in real time every 300 ms. The program simultaneously 
monitors the surface temperature of the Al2O3 crystal, and via a 
PID (proportional-integral-derivative) feedback algorithm, lin-
early increments the temperature of the Al2O3 crystal in the TPD 
experiments. The program also scans the residual gases analyzer 
that detects the desorption of gases from the Al2O3. Manipulation 
of the array of spectra as a function of temperature by a MAT-
LAB (Mathworks, Natick, MA) template yielded the wavelength 
resolved TPD’s that are shown in the figures. To ensure a clean 
surface, the Al2O3 was heated to 300 K after each run.

 The activation energy for desorption, Ea, was calculated by 
Redhead analysis in which a first-order desorption kinetics as de-
scribed by King was assumed and is based on the mass spectral 
peak desorption temperature, Tp.

20-22 The uncertainties in the de-
sorption temperatures and the propagated error in the activation 
energies were ± 2%. 

 The surface coverages, Θ, in monolayers (ML) were calculat-
ed by calibrating the integrated mass spectral peak areas to an op-
tical interference experiment. The interference experiment yielded 
accurate rate of deposition with coverage error of ± 30%, and is 
described in detail elsewhere.10

For surface coverages in the multilayer regime, multidi- 
mensional nucleation and crystal growth is expected at the dis- 
order-to-order transition. In order to model the disorder-to-order 
transition in biphenyl as a nucleation-crystallization process, the 
Johnson-Mehl-Avrami-Kolmogorov, JMAK, or simply, Avrami 

model was used.23  In the simplest form, the Avrami equation is 
given by:

I(t) = e-ktn   

where I(t) is the time dependent fluorescence intensity at the 
disorder-to-order transition that is converted to fraction of the dis-
ordered state at the transition, k is related to the rate with which 
crystallization occurs and is in part, a function of the density of 
nucleation sites, t is time in s, and n is the dimensionless Avrami 
exponent that yields the dimensionality of the nucleation-
crystallization process.23  The unit for k is the inverse of time raised 
to the nth power. This expression was made to fit the wavelength-
resolved TPD data at the disorder-to-order transition using 
algorithms provided by SciPy (an open-source Python library) and 
automated with Python (an open-source programming language, 
Python Software Foundation) in which the parameters were 
controlled by user interface.

In order to more accurately report the relative spectral inten-
sities of overlapping peaks, spectral deconvolution was accom-
plished and reported. Codes were written in-house around Igor 
Pro 8.04. (WaveMetrics, Lake Oswego, OR) so that linear combi-
nations of as many as five peaks of differing lineshape (gaussian 
or lorentzian), each representing different conformer of biphenyl,  
could be deconvoluted from the wavelength-resolved TPD data. 
The output of the program yielded the peak height, the standard 
deviation (full width at half of the maximum intensity, FWHM), 
and the x-position at the center of the peak. 

results and discussion

Biphenyl
 The peak desorption temperature, Tp, of neat biphenyl was 
234 K. First-order desorption was assumed and the activation en-
ergy for desorption, Ea, was calculated to be 60.8 kJ/mol.20-22  Upon 
deposition, excitation of neat biphenyl on the Al2O3 surface with a 
high-pressure Hg lamp centered at 250 nm caused the amorphous 
biphenyl to fluoresce with a λmax of 320 nm. This fluorophore has 
been assigned to the twisted conformer of biphenyl with a dihedral 
angle of 37º.12-13 As can be seen from Figure 1, when the surface 
temperature was linearly ramped, the adlayer underwent a disor-
der-to-order transition at 160 K, where λmax  red-shifted to 340 nm. 
This fluorophore has been assigned to the planar conformer of bi-
phenyl with a dihedral angle of 4º.12-13 The reduction in intensity 
to about 10% of the initial results from the ordered molecules be-
coming better energy carriers to the trap sites from which radiative 
relaxation occurred.13 
 
1-Chlorohexane
 Shown in Figure 2 is the wavelength-resolved TPD of biphe-
nyl deposited on an underlayer of unannealed 1-chlorohexane. 
When Figure 2 is compared to Figure 1, it is apparent that the 
underlayer had almost no effect on the fluorescence spectrum of 
biphenyl. When the underlayer was annealed before adding biphe-
nyl, either at 125 K for several seconds or at the deposition tem-
perature (~ 120 K) for several minutes, the resulting wavelength 
resolved TPD is shown as Figure 3. The two peaks that are clearly 
resolved have λmax~ 355 and 370 nm. The 355 nm peak is attribut-
ed to the planar conformer with a dihedral angle of nearly 0º and 

Figure 1. Wavelength-resolved TPD of multilayer biphenyl. Θbiphenyl = 105 ML. 
Biphenyl deposited in the twisted conformation with λmax ~ 320 nm that red-shifts 
to 340 nm subsequent to the disorder-to-order transition. Inset: top view.
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the 370 nm is due to excimer.8-11 The fluorescence blue-shifts to 
340 nm subsequent to the disorder-to-order transition. When the 
fluorescence spectrum was deconvoluted, one additional peak was 
discovered at 390 nm. This has been tentatively attributed to the 
excited state trimer that has been reported in other molecules.24 It 
is noteworthy that comparison of Figures 2 and 3 indicates that the 
fluorescence intensity of the 370 nm peak due to the biphenyl ex-
cimer (Fig. 3) is appoximately half that of the 320 nm peak when 
the underlayer is unannealed (Fig. 2). This gives support to the 
assignment that the 370 nm fluorescence is due to the excimer. 

In order to acertain the optimum annealing temperature for the 
underlayer, the intensities of the excimer peak were monitored as 
a function of annealing temperature and the results are shown in 
Figure 4. For 1-chlorohexane, the annealing temperature was very 
nearly that of the deposition temperature so that after deposition, if 
the adlayer was simply kept at the deposition temperature, in time, 

the intensity of the excimer peak increased with a concommitant 
decrease in the 320 nm peak intensity. For the sake of uniformity 
in the data, the underlayer was routinely annealed at 125 K.

Plotted in Figure 5 are the integrated intensities of the λmax  
of the deconvoluted peaks at 320 and 340 nm in blue and orange, 
respectively as a function of the coverage of the annealed 1-chlo-
rohexane underlayer in ML. The coverage of biphenyl was held 
constant at 105 ± 13 ML. What is evident is that at low coverages, 
the fluorescence was dominated by the 320 nm peak. This has been 
attributed to the twisted conformer of biphenyl that is observed in 
the gas phase.12 From a previous study of the correlation of the 
dihedral angle with fluorescence, the dihedral angle of the twisted 
conformer is about 37º.12 As shown in Figure 5, as the underlayer 
coverage was increased to ~ 70 ML, the intensities of the 320 and 
340 nm peaks decreased with a concomittant increase in the 355, 
370 and 390 nm fluorescence (Cf. Figure 6) until about  1000 ML 
at which coverage, intensity of the original 320 and 340 nm fluo-
rescence peaks increased once again. Close examination of Figure 

Figure 5. Plot of the deconvoluted peak areas of the 320 nm (blue) and 340 nm 
(orange) as a function of coverage of the 1-chlorohexane underlayer that had 
been annealed at 125 K. Note that the x-axis is logarithmic. The biphenyl cover-
age was held constant at 105 ± 13 ML.

Figure 4. Plot of the deconvoluted peak areas of the 355 nm (blue),  370 nm 
(orange) and 390 nm (gray) as a function of annealing temperature of the 1-chlo-
rohexane underlayer. Note that the x-axis is logarithmic. The Q1-chlorohexane= 101 
±10 ML and Qbiphenyl = 105 ± 13 ML.

Figure 2. Wavelength-resolved TPD of a bilayer that consisted of an underlayer 
of unannealed 1-chlorohexane (Q1-chlorohexane = 183 ML) and biphenyl (Qbiphenyl = 85 
ML). The fluorescence at λmax ~ 320 nm dominates at deposition that red-shifts to 
340 nm subsequent to the disorder-to-order transition. Inset: top view.

Figure 3. Wavelength-resolved TPD of a bilayer that consisted of an underlayer 
of 1-chlorohexane (Q1-chlorohexane = 100 ML) that had been annealed at 125 K for 1 
minute. Subsequently, biphenyl wth Qbiphenyl = 97 ML was deposited and the TPD 
experiment was done. The fluorescence at λmax ~ 355 and 370 nm were dominant 
at deposition. A blue-shifted peak at 340 nm appears at the disorder-to-order tran-
sition. Inset: top view.
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tensity as a function of annealing temperature. When the under-
layer was annealed at 130 K, the resulting wavelength-resolved 
TPD of biphenyl is shown in Figure 9. Notice that only the 355 
and 370 nm peaks are immediately apparent and the 390 nm peak 
was only found by deconvolution. The plots corresponding to the 
320 and 340 nm deconvoluted intensities as a function of annealed 
underlayer coverage are shown in Figure 10 and the deconvoluted 
integrated intensities of the 355, 370 and 390 nm peaks as a func-
tion of underlayer coverage that had been annealed at 130 K are 
shown in Figure 11.

As noted from Figure 10, the intensity of the 320 nm peak de-
creases with 1-chloroheptane coverages from about 1 to 100 ML, 
and then increases at coverges > 100 ML. This is mirrored in Fig-
ure 11, in which the window of 1-chloroheptane coverages from 1 
to 100 ML exhibit increases in the 370 and 390 nm peaks. The 355 
nm peak, with a dihedral angle of 0º, was very weak with 1-chlo-
roheptane as the underlayer. The reason for this observation is that 
due to disorder in the underlayer at both the low coverages (< 1 

Figure 6. Plot of the deconvoluted peak areas of the 355 nm (gray), 370 nm 
(orange)  and 390 nm (blue) as a function of coverage of the 1-chlorohexane 
underlayer that had been annealed at 125 K. Note that the x-axis is logarithmic. 
The biphenyl coverage was held constant at 105 ± 13 ML.

Figure 7. Plot of the Avrami n value as a function of the ratio of coverages for 
1-chlorohexane (ML) and Qbiphenyl (ML). The 1-chlorohexane underlayer that had 
been annealed at 125 K. Note that the x-axis is logarithmic. The biphenyl cover-
age was held constant at 105 ± 13 ML.

Figure 8. Wavelength-resolved TPD of a bilayer that consisted of an underlayer 
of unannealed 1-chloroheptane (Θ1-chloroheptane = 18 ML) and biphenyl (Θbiphenyl = 98 
ML). The fluorescence from all species were observed at deposition, but then 
they all shifted to  340 nm subsequent to the disorder-to-order transition. Inset: 
top view.

6 shows that, in this window of underlayer coverages from 70 ML 
to 1000 ML, biphenyl exhibts the three fluorescence peaks at 355, 
370 and 390 nm that have been attributed to the planar, excimer 
and trimer bipehnyl, respectively. When the coverage exceed 1000 
ML, the data show that the underlayer was no longer aligned in 
such a way that adsorption binding sites were open for the biphe-
nyl molecule to situate in a planar conformer. 

It is also noteworthy that the integrated intensity of the most 
red-shifted 390 nm peak was about 40% of the integrated intensity 
of the 370 nm peak. Furthermore as noted, the 390 nm peak was 
only found upon deconvoluting the spectra and had been previous-
ly overlooked. The reason is due to the relatively broad linewidth 
of the 390 nm peak. Typical FWHM for the 370 and 390 nm peaks 
were 40 ± 0.5 nm and 31 ± 0.2 nm, respectively. (In comparision, 
typical FWHM for the 320 and 340 nm peaks were 8.5 ± 0.2 nm 
and 15 ± 0.2 nm, respectively). The unusually large linewidth is 
characteristic of excimers due to the inhomogeneous broadening 
that occurs because of the energetically wide distribution of exci-
mers,6 and of trimers, in this case. Hence, the red-shift, the relative 
intensity compared to the excimer, and the spectroscopically broad 
linewidth, give support to the tentative assignment that the 390 nm 
peak is due to the excited state trimer.

 Avrami nucleation-crystallization model was used to deter-
mine the dimensionality of the crystallization as a function of cov-
erage of 1-chlorohexane and is shown in Figure 7. The two dimen-
sional nucleation-crystallization is nominal for such processes that 
occur on surfaces.13 Note that at very high coverages (>1000 ML), 
the dimensionality of the nucleation-crystallization increases due 
to the disorder that can be assumed to prevail.

1-Chloroheptane
Figure 8 is the wavelength-resolved TPD of biphenyl that had 

been deposited on top of the 1-chloroheptane underlayer that had 
not been annealed. Comparison with Figure 1 shows that  all 5 
wavelengths are observed. Although not shown here, the optimum 
annealing temperature was determined by plotting the excimer in-
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ML) and high coverages (>100 ML), insufficient sites exist for 
biphenyl in the planar conformer to deposit in sufficient number to 
be detected. These findings are summarized in Table 1. In Figure 
12, excimer intensities as a function of underlayer coverages are 
sumarized in a composite plot to facilitate comparision between 
the various underlayers.

1-Chlorooctane
The intensity of the biphenyl excimer was much lower with 

1-chlorooctane as an underlayer compared to 1-chlorohexane and 
1-chloroheptane, as noted by the lower intensities shown in the 
summary plot in Figure 12. The optimum window in which the 
biphenyl excimer exhibited enhanced intensity is estimated to be 
about 4- 800 ML of the 1-chlorooctane underlayer that had been 
annealed at 150 K.

1-Chloropropane, 1-Chlorobutane, 1-Chloropentane
 Attempts were made to observe the biphenyl excimer for 
1-chloropropane, 1-chlorobutane and 1-chloropentane underlay-

ers. For these molecules, dispersion forces were insufficient to 
cause alignment of the alkyl group and CMO could not be achieved. 
Hence, biphenyl could not insert  itself in the planar conformation 
in the absence of linear adsorption sites in the underlayer. The peak 
desorption temperatures and activation energies for desorption are 
shown in Table 1.

Figure 12. Composite plot of the deconvoluted peak areas of the 370 nm peak 
due to the biphenyl excimer for 1-chloropentane (blue) underlayer with Θbiphenyl 
= 101 ± 10 ML. for 1-chlorohexane (orange) as shown in Fig. 6, for 1-chloro-
heptane (gray) as shown in Fig. 11, and 1-chlorooctane (yellow) underlayer with 
Θbiphenyl =104 ±  18 ML. Note that the x-axis is logarithmic.

Figure 11. Plot of the of the 355 nm (blue), 370 nm (orange), and 390 nm (gray) 
deconvoluted peak areas as aa function of annealed underlayer coverage of 
1-chloroheptane. The biphenyl coverage was held constant at 99 ± 8 ML. Note 
that the x-axis is logarithmic.

Figure 10. Plot of the deconvoluted peak areas of the 320 nm (blue) and 340 nm 
(orange) as a function of coverage of the annealed 1-chloroheptane underlayer. 
The biphenyl coverage was held constant at 99 ± 8 ML. Note that the x-axis is 
logarithmic.

Underlayer Tp 

(K) 
Ea 

(kJ/mol) 
Excimer If 

Unannealed? 

Anneal T 
for Max. 

Iexcimer  
(K) 

Excimer  
Observed 

for 
underlayer 

(ML) 

Avrami 
 

n                        k 
1-chloropropane 136 ± 7 35 ± 2 no     1.8 ± 0.11 0.17 ± 0.06 
1-chlorobutane 157 ± 2 40 ± 1 no     1.7 ± 0.11 0.1 ± 0.14 

1-chloropentane 162 ± 6 41.5 ± 1.5 no    3.1 ± 0.11 0.012 ± 0.005 
1-chlorohexane 174 ± 4 41.5 ± 0.5 no 125 70-1000 1.7 ± 0.4 0.05 ± 0.04 

1-chloroheptane 182 ± 4 47 ± 1 yes 130 1-100 1.5 ± 0.3 0.3 ± 0.14 
1-chlorooctane 190 ± 5 48.5 ± 0.5 yes 150 4-820 1.6 ± 0.2 0.03 ± 0.02 
1-bromohexane 172 ± 4 44 ± 1 no 155 4-12 2.1 ± 0.4 0.02 ± 0.02 
2-chlorohexane 163 ± 3 42 ± 1 no    6 ± 3 0.003 ± 0.003 

1,6-dichlorohexane 212± 3 55 ± 1 no   3.5±0.2 0.003±0.001 
biphenyl (overlayer) 234 ± 3  60.8 ± 1        1.2±0.2 0.181±0.02 

Table 1. Summary of the important data for all of the haloalkanes that were stud-
ied. The table includes the peak desorption temperatures, Tp (K), the activation 
energy of desorption, Ea (kJ/mol), whether or not excimer was observed with the 
unannealed underlayer, the annealing temperature (K), the range in the underlay-
er coverage that the excimer was observed (ML) and the n and k values in the 
Avrami equation that modeled the nucleation-crystallization.

Figure 9. Wavelength-resolved TPD of a bilayer that consisted of an underlayer 
of 1-chloroheptane (Θ1-chloroheptane = 19 ML) that had been annealed at 130 K and 
biphenyl (Θbiphenyl = 91 ML). The fluorescence at λmax ~ 355, 370 and 390 nm domi-
nate at deposition. Inset: top view.



Journal of Undergraduate Chemistry Research, 2024, 23 (3), 30

Other underlayers
1-Bromohexane
 This compound was chosen to investigate the effect of a larger 
halogen on the underlayer’s ability to form linear adsorption sites 
for biphenyl. 1-Bromohexane does form excimers but only in a 
very narrow range of coverages of about 4-12 ML.

2-Chlorohexane
 The effect of asymmetry in the alkyl moiety was effective in 
removing its ability to form parallel structure for biphenyl in its 
planar conformation to insert into. Hence biphenyl excimer was 
not observed when 2-chlorohexane was the underlayer. 

1,6-Dichlorohexane
 Since the chlorine substituent is the attractive force that made 
the alkyl group align in parallel formation,17,18 what would another 
chlorine on the tail end do? The biphenyl excimer did not form 
even when the underlayer was annealed to 170 K. The tentative 
explanation is that the two chlorines on each end cause the hexane 
groups to be closer together. This does not allow biphenyl suffi-
cent room for insertion even in the planar conformation. The peak 
desorption temperatures and activation energies for desorption are 
given in Table 1.

Summary

 Two factors, being able to determine the dihedral angle of bi-
phenyl from the fluorescence λmax and the sensitivity of the dihedral 
angle to molecular environment allow inferences to be made about 
the morphology of the underlayer. In this study, the parallel molec-
ular arrangement of the alkyl group due to CMO can be induced 
by annealing the amorphous adlayer of chloroalkanes. From the 
graph (Figure 12) that summarizes the data, 1-chloroheptane re-
quired the lowest coverages to cause biphenyl to fit into adsorption 
sites in its planar conformer. 1-Chlorohexane required the next 
higher coverages. However the fact that the peak area was quite 
a bit lower meant that the number of adsorption sites was smaller 
than with 1-chloroheptane as the underlayer. 1-Chlorooctane came 
next, followed by 1-chloropentane. Shorter chloroalkanes than 
these did not show adsorption sites for biphenyl. The same was 
true for 2-chlorohexane and 1,6-dichlorohexane. 1-Bromohexane 
did allow excimers to form but not as much biphenyl adsorbed in 
the planar conformer.
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