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Inter‑enantiomer conversion 
dynamics and Johari–Goldstein 
relaxation of benzophenones
Michela Romanini*, Roberto Macovez, Maria Barrio & Josep Lluís Tamarit

We employ temperature‑ and pressure‑dependent dielectric spectroscopy, as well as differential 
scanning calorimetry, to characterize benzophenone and the singly‑substituted ortho‑
bromobenzophenone derivative in the liquid and glass states, and analyze the results in terms of 
the molecular conformations reported for these molecules. Despite the significantly higher mass of 
the brominated derivative, its dynamic and calorimetric glass transition temperatures are only ten 
degrees higher than those of benzophenone. The kinetic fragility index of the halogenated molecule 
is lower than that of the parent compound, and is found to decrease with increasing pressure. By 
a detailed analysis of the dielectric loss spectra, we provide evidence for the existence of a Johari–
Goldstein (JG) relaxation in both compounds, thus settling the controversy concerning the possible 
lack of a JG process in benzophenone and confirming the universality of this dielectric loss feature 
in molecular glass‑formers. Both compounds also display an intramolecular relaxation, whose 
characteristic timescale appears to be correlated with that of the cooperative structural relaxation 
associated with the glass transition. The limited molecular flexibility of ortho‑bromobenzophenone 
allows identifying the intramolecular relaxation as the inter‑enantiomeric conversion between two 
isoenergetic conformers of opposite chirality, which only differ in the sign of the angle between 
the brominated aryl ring and the coplanar phenyl‑ketone subunit. The observation by dielectric 
spectroscopy of a similar relaxation also in liquid benzophenone indicates that the inter‑enantiomer 
conversion between the two isoenergetic helicoidal ground‑state conformers of opposite chirality 
occurs via a transition state characterized by a coplanar phenyl‑ketone moiety.

Molecular flexibility plays a crucial role for several important phenomena in the liquid  state1, ranging from 
molecular self-assembly as in protein  folding2, to the mechanical properties of synthetic  polymers3, to the 
induced-fit model of biochemical  reactions4. The degree of flexibility of an organic molecule is the result of 
more or less constrained internal rotations, that is, the ability of molecular moieties to rotate about covalent 
bonds within certain limits determined mainly by electronic configuration/conjugation and steric interactions. 
The simplest examples of constrained internal rotations are the torsional flexibility of ethane derivatives and 
linear homopolymers as polyethylene, or that of cyclic molecules, where internal C–C rotation is limited to few 
conformational states (e.g., the well-known chair or boat conformations of cyclohexane) by the closed-loop 
topology. Internal rotation is hindered by the presence of double bonds and of electronic resonances, e.g. in 
amide or phenyl groups. Even aromatic moieties, however, can rigidly rotate around exocyclic (peripheral) single 
C–C bonds. While the study of the molecular flexibility of large molecules is necessarily carried out, due to their 
complexity, on a case-by-case basis, it is important to identify and predict which types of constrained dynamics 
may take place in smaller subunits that are commonly found in larger organic molecules (e.g., the free rotation 
of methyl groups or the hindered rotation of phenyl groups)5,6.

Molecules may retain some of their internal degrees of freedom and thus a certain flexibility in the amorphous 
solid state and even in the crystalline state. The former case is interesting because, despite decades of intensive 
research, the glass transition and the kinetic stability of glasses remain open challenges of condensed matter sci-
ence. The various theoretical approaches proposed, such as the mode-coupling theory or the coupling model, are 
only able to account for some aspects of this convoluted  problem7–10. There are at least two difficulties inherent to 
any dynamic theory of glasses. The first difficulty is the several-orders of magnitude increase of the viscosity in a 
small temperature interval across the glass transition, and the simultaneous dramatic slow-down of the structural 
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α relaxation, which is the main dynamic feature of glass-forming liquids and whose kinetic arrest marks the 
glass transition temperature Tg. This feature is captured qualitatively by the Adam-Gibbs theory of 1965 and by 
its extension to polymers by Miller in  197811, as well as by more quantitative and more recent  theories12. The 
second difficulty is that real glassy systems exhibit elementary excitations on very different time scales, which 
range from the mHz frequency scale of the α relaxation near Tg, through the radio and microwave region where 
so-called secondary relaxations are observed (some of which related to the molecular flexibility), up to the THz 
domain where an excess vibrational density of states (Boson peak) shows  up13–15.

In the glass state, only secondary dynamic processes are active. Secondary relaxations are less cooperative 
relaxation modes than the structural α relaxation, and come in two varieties: non-diffusive, rigid molecular 
rototranslations known as Johari–Goldstein (JG)  relaxations16,17, or internal rotations related to intramolecular 
(torsional) degrees of freedom. The JG secondary relaxations are believed to be intrinsic to the glass transition 
and to disordered systems in  general18, and to play an important role for the kinetic stability of  glasses19. In 
contrast, intramolecular relaxations do not seem to play a direct role in the glass transition, at least for small-
molecule glass formers.

In the low frequency region (up to tens of GHz), supercooled isotropic liquids of rigid molecules exhibit 
only the α relaxation and a single JG relaxation (with the notable exception of methylindole, which exhibits two 
distinct rigid-rotation modes in the liquid  state20). From a theoretical perspective, secondary relaxations that do 
not correspond to intramolecular degrees of freedom are predicted both by the Coupling  Model21,22, according 
to which all glass formers should exhibit a “slow β relaxation” acting as “local precursor” of the α relaxation at 
higher frequency (shorter relaxation time), and by the mode-coupling  theory8,23, which predicts the existence 
of a “fast β relaxation” at frequencies of hundreds of GHz, likely associated with the rattling motion of single 
molecules in the transient cage formed by its first neighbours. The two types of relaxations are observed in quite 
different frequency ranges and are considered independent relaxation processes. The existence of slow β relaxa-
tions, besides being a well-established experimental fact, is also predicted by numerical simulations of hard asym-
metric  molecules24, and by phenomenological modifications of the hard sphere model, e.g.  the ENCLE  model25.

Most molecules are flexible, rather than rigid. In the liquid and glass states, they exhibit one or more second-
ary relaxations corresponding to internal degrees of freedom, which generally appear at higher characteristic 
relaxation frequency than the JG relaxation, if the latter is present. It has been reported that the JG relaxation 
is very weak or almost absent in the case of some flexible  molecules26. Benzophenone (diphenylketone, see the 
inset to Fig. 1a for the two-dimensional molecular structure) is an interesting case because its secondary relaxa-
tions have been the object of controversy, and have raised the questions of whether a unified picture of both 
slow and fast β relaxations could be  given27, and whether the slow β relaxation is really a universal feature of all 
glass  formers26.

Benzophenone derivatives are an interesting class of very simple molecular compounds where both types of 
constraints on the rotation of phenyl groups, namely, steric interactions and electronic cross-conjugation, occur 
simultaneously. Cross-conjugation between the carbonyl and phenyl groups in benzophenone (BPh) leads to a 
helicoidal, symmetric “paddle-wheel” lowest-energy molecular conformation with the phenyl groups each rotated 
in opposite directions by roughly 30° with respect to the ketone plane (O=CR2, R=–C6H5). Two isoenergetic 
enantiomeric forms of opposite chirality exist. Liquid BPh displays a glass transition at Tg = 212  K28, and its struc-
tural (α) relaxation dynamics has been characterized by optical Kerr effect  measurements29,30, depolarized light 
 scattering31, and dielectric  spectroscopy27,32. The latter studies have shown that it is a rather fragile glass-former, 
with kinetic fragility  index33,34 of m = 125. Also the secondary relaxations of supercooled BPh have been studied 
with the same techniques. A fast secondary relaxation was first identified in optical studies conducted at 251 K, 
in the frequency range between 1 and 100 GHz. Later dielectric studies detected a temperature-dependent broad 
loss peak at the high-frequency side of the α relaxation.

The physical interpretation of these secondary processes has been the object of controversy. While the first 
studies of the optical Kerr effect in BPh  reported29,30 that the results were in disagreement with the basic version 
of the mode-coupling theory, Götze and Sperl later showed that agreement could be recovered by extending 
the theory and that therefore the high-frequency secondary relaxation could be interpreted as the fast process 
predicted by the mode-coupling  theory23,35. Lunkenheimer and coworkers showed that the secondary relaxation 
observed in dielectric experiments had a different origin than the fast  relaxation27, and  pointed32 to a possible JG 
character of the β relaxation. However, a dielectric spectroscopy characterization of amorphous BPh dispersions 
in a polymer matrix appeared almost at the same time has discarded the possibility that the dielectric β relaxation 
can be of JG origin, also due to the numerical disagreement between the experimental relaxation times and the 
predictions of the coupling model, without attempting an identification of this relaxation  feature36.

In fact, identifying the exact molecular mechanism behind an intramolecular relaxation in BPh appears 
challenging. The two isoenergetic ground-state enantiomers of BPh are separated by a relatively low activa-
tion  barrier37,38, with a conversion time of 12 ps at 333  K39. Since the conversion time becomes longer at lower 
temperature, this inter-enantiomer conversion might contribute to the relaxation spectrum. However, it cannot 
contribute to the dielectric response if it occurs via rotation only of the phenyl groups with respect to the central 
carbon atom, due to the constancy of the molecular dipole moment under such rotation.

In order to investigate the origin of the secondary dielectric response of BPh and further analyze the effect of 
constrained internal rotation in molecules with germinal aromatic rings, in the present contribution we analyze 
the temperature- and pressure-dependent relaxation dynamics of a singly-substituted halogenated derivative of 
BPh, namely ortho-bromobenzophenone (hereafter, BrBPh), and compare the results with more detailed dielec-
tric spectra of BPh that we have acquired near the glass transition of this compound. The comparative analysis of 
the molecular relaxations of closely-related molecular derivatives can indeed be a valuable tool for the identifica-
tion of secondary  processes40. We choose BrBPh because it only differs from the parent molecule by substitution 
of a single atom, and it has better glass-forming ability and kinetic stability of the supercooled liquid phase than 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20248  | https://doi.org/10.1038/s41598-021-99606-0

www.nature.com/scientificreports/

pristine BPh. A brominated derivative is chosen in particular because, compared to molecular species containing 
e.g. hydroxyl or amine functional groups, the intermolecular coupling and molecular dynamics of halogenated 
derivatives are expected to be simpler due to the lack of hydrogen-bond interactions, so that self-aggregation 
and networking are not expected to occur, which enables a simpler identification of relaxation  processes41–44.

Both BPh and BrBPh possess geminal aryl groups covalently linked to a central carbonyl group. The bromi-
nated derivative differs only in the presence of a bromine atom at the 2-position of one of the phenyl rings (insets 
to Fig. 1a). This substitution gives rise, however, to a strong molecular asymmetry, accompanied by (i) a more 
pronounced steric hindrance of the halogenated aryl group compared to the phenyl groups of the parent mol-
ecule, and (ii) a strongly asymmetric molecular and electronic structure. In fact, while as mentioned BPh adopts 
a helicoidal structure favouring cross-conjugation between the central carbonyl group and the two equivalent 
phenyl moieties, in BrBPh the electronegativity of the Br substituent leads to strong π-electron delocalization only 
between the carbonyl group and the non-substituted phenyl ring, which results in a planar arrangement of the 
phenyl-ketone moiety, as evidenced by a recent crystal structure study of both solid-state polymorphs of  BrBPh45.

We first provide an assignment of the relaxation modes of BrBPh, and then compare the results with new 
measurements that we perform on BPh near its glass transition. We show that both BPh and BrBPh display a JG 
relaxation whose spectral position matches that predicted by the Coupling Model, and an intramolecular relaxa-
tion. These findings confirm the existence of a JG relaxation also in the controversial BPh case. Since the BrBPh 
molecule possesses essentially only one degree of freedom, its intramolecular relaxation can be ascribed to the 
interconversion between two isoenergetic BrBPh enantiomers of opposite chirality, which involves a reorienta-
tion of the brominated ring with respect to the coplanar phenyl-ketone moiety. Interestingly, this intramolecular 
relaxation scales with the structural relaxation time when the pressure is varied. We argue that the intramolecu-
lar relaxation of BPh similarly involves a transition state with one of the phenyl rings coplanar with the ketone 

Figure 1.  Ambient-pressure DSC thermograms  (markers) of amorphous benzophenone (BPh) and ortho-
bromobenzophenone (BrBPh) measured near the glass transition temperature (a) and upon heating to the 
melting point of the crystalline phase (b), normalized to sample mass. In (a), both cooling and heating ramps 
are shown, and the molecular structures of both compounds are displayed. In both panels an offset is introduced 
between the two traces for better clarity. Thin continuous lines indicate the determinations of the onset glass 
transition temperatures (Tg) in (a) and the onset recrystallization temperatures (Tr) in (b). Both are indicated by 
dashed vertical arrows. In (b), the melting points (peaks) are also indicated.
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group, that is, a structure analogous to the lowest-energy conformation of the brominated derivative. With this 
assignment, we are able to provide a complete picture of the relaxation dynamics of both molecular liquids.

Experimental details
Benzophenone (BPh, molecular formula  C13H10O) was purchased from Acros Organics (Thermo Fisher) with 
purity better than 99%. Ortho-bromobenzophenone (BrBPh, molecular formula  C13H9BrO) was purchased 
from Aldrich with a purity better than 98%. Both compounds were used as received. Calorimetric experiments 
were carried out on both compounds with a commercial Q100 thermal analyzer from TA Instruments (New 
Castle), connected in the case of BPh to a liquid  N2 dewar, on samples of the order of 10 mg sealed in aluminum 
pans. Details of the temperature and enthalpy calibration of the device have been given  elsewhere46. The glass 
transition and recrystallization (cold crystallization) temperatures were determined from the onset of the cor-
responding calorimetric features.

Complex permittivity spectra of supercooled liquid BrBPh and BPh were acquired by means of broadband 
dielectric spectroscopy, using mainly a Novocontrol analyzer working in the frequency range from  10−2 to  107 Hz 
and connected to a capacitor containing the sample, in set-ups allowing control of temperature (and in the case 
of BrBPh, also pressure). Additional ambient-pressure high-frequency dielectric spectroscopy measurements 
were carried out on BrBPh by means of an HP4291 impedance analyzer working in the frequency range from 
 106 to 1.8·109 Hz in reflectometry geometry, with the sample capacitor mounted at the end of a coaxial cable. The 
liquid phase was obtained by heating the as-received powders above their respective melting points directly inside 
stainless-steel parallel-plate capacitors of two different types, designed specifically to carry out experiments on 
liquids both at ambient pressure and under an applied hydrostatic pressure. In all experiments, the electrodes of 
the parallel-plate capacitors were kept at fixed distance by means of silica spacers of 50 μm diameter.

Ambient-pressure dielectric experiments were conducted on both compounds by placing the capacitors in 
a Novocontrol Quatro temperature controller. High-pressure experiments on BrBPh were carried out using a 
thermal bath (Lauda Proline RP 1290) with a liquid-flow circuit connected to a high-pressure setup. Both setups 
provided temperature control with an error not higher than ± 0.3 K. For the measurements at high pressure, the 
capacitor was covered by a teflon membrane and latex wrapping to prevent a possible contamination with the 
pressurizing fluid (thermal oil from Huber). The insulated capacitor was then placed in a high-pressure chamber 
(Unipress) made of a Cu-Be alloy, which was filled with the thermal oil and connected to a manual pump that 
allowed applying hydrostatic pressure between ambient pressure and 0.6 GPa, as determined with a pressure 
transducer with 0.5% accuracy.

Dielectric spectra of BrBPh were acquired at fixed (T, P) conditions. Ambient-pressure data were acquired 
both while increasing and lowering the temperature in steps of 2 or 4 K, while high-pressure spectra were col-
lected only while lowering the temperature, because the sample underwent recrystallization (see “Results and 
discussion” section) during the step-wise temperature ramp required for the dielectric measurement. In the BPh 
case, dielectric spectra were acquired only at ambient pressure at temperature close to the glass transition of this 
compound, since at higher temperature or pressure the supercooled liquid phase underwent recrystallization. 
In comparison with previous  work27, we used a larger frequency interval and smaller frequency factor between 
consecutive points in the spectra, to be able to better identify the number of loss components.

We analyzed all acquired loss spectra (imaginary part of the complex permittivity) by modeling each relaxa-
tion process as the imaginary part of the phenomenological Havrilak-Negami (HN)  equation47:

Here ω = 2πf is the angular frequency, ε∞ is the real part of the permittivity on the high-frequency side of the 
loss feature, Δε is the dielectric intensity (strength), and a and b are shape parameters. From the fit parameter 
τHN, the characteristic relaxation time τmax corresponding to the maximum dielectric loss was determined as:

After performing several fits of spectra acquired at different (T, P) values we concluded that for both com-
pounds, the best fit for the primary (α) relaxation was obtained for a = 1, a special case of the general HN function 
known as Cole-Davidson function. The secondary relaxations were instead modeled assuming b = 1, in which 
case the HN function reduces to the Cole–Cole function and τmax coincides with the fit parameter τHN.

The same fit functions (Cole-Davidson for the primary α relaxation, Cole–Cole for the secondary 
relaxation(s)) were employed in previous dielectric studies of  BPh27,32. In contrast with previous studies on 
BPh, however, we have modeled all our spectra as the sum of three relaxation features (structural relaxation plus 
two secondary relaxations). The need for a three-component model for the loss spectra is discussed in detail 
in “Results and discussion” section. The so-called “dynamic” glass transition temperature was determined, as 
customary, as the temperature at which the primary relaxation time τα (τmax in Eq. 2) reached 100 s.

Results and discussion
Figure 1 displays the DSC traces of amorphous BPh and BrBPh, acquired upon heating from the glass state 
obtained by cooling from the liquid phase at a rate of 10 K/min. The typical signature of the glass transition is 
visible at 211.3 K and 220.3 K in the pristine and halogenated molecules, respectively (Fig. 1a). The two glass 
transitions temperatures (Tg) are comparable to those reported in previous  studies28,45. The slightly higher glass 
transition temperature in BrBPh, which has higher molecular weight  Mw, is in qualitative agreement with the 
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reported general correlation between Tg and  Mw in van-der-Waals molecular liquids, albeit the expected Tg for 
BrBPh should be 15% higher if the empirical  rule48 Tg ~  Mw

1/2 were fulfilled ((Mw,BrBPh/Mw, BPh)1/2 = (261.1/182.2
)1/2 ≅ 1.2 <  Tg,BrBPh/Tg,BPh = 1.05). Despite the large molecular mass difference, also the melting points of the two 
compounds coincide roughly (Fig. 1b).

Both supercooled liquids displayed a strong tendency to recrystallize, as visible in the thermograms where 
the recrystallization (cold crystallization) exotherms can be discerned with onset temperatures Tr ≈ 247 K for 
BPh and Tr ≈ 264 K for BrBPh, respectively (Fig. 1b). Recrystallization of both compounds was observed also 
in the series of dielectric spectra acquired with an increasing temperature ladder at ambient pressure, where the 
onset of recrystallization took place at even lower temperatures (just above 240 K for BrBPh, Fig. 2b, and just 

Figure 2.  Ambient-pressure isothermal dielectric loss spectra of both studied compounds. (a, b) Spectra of 
BrBPh at selected temperatures between 182 and 338 K, acquired both upon lowering the temperature (a) 
and upon increasing it (b). (c) Spectra of BPh acquired while increasing the temperature from well within 
the glass state. In (a) and (c), data are represented as markers, continuous lines are fits, and dotted lines are fit 
components, which are shown only for few representative spectra, namely at 182, 224 and 242 K for BrBPh 
(a) and 199 and 211 K for BPh (c). In both (b) and (c), recrystallization is visible as a marked decrease of the 
intensity of the main loss (α relaxation) feature above a certain temperature (T > 240 K for BrBPh (b), T > 211 K 
for BPh (c)).
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above Tg for BPh, Fig. 2c). For this reason, in order to characterize the relaxation features of BrBPh, most isother-
mal dielectric permittivity spectra on this compound were acquired using a descending temperature program, 
both at ambient pressure (Fig. 2a) and under an applied hydrostatic pressure. This procedure indeed prevented 
recrystallization, likely by avoiding the nucleation of seeds, which generally occurs at lower temperature than the 
optimum growth  rate49,50. For similar reasons, we limited our measurements on BPh to temperatures close to Tg 
at ambient pressure, as liquid BPh always crystallized in our set-up upon application of a hydrostatic pressure.

Figure 2a displays representative isothermal loss spectra of the cooling-down series at ambient pressure, in 
the range between 338 and 182 K (spectra were acquired every 2 K but are displayed every 6 K). The spectra are 
dominated by a relaxation process at low frequency, visible as a broad asymmetric maximum of the imaginary 
permittivity. Just above the calorimetric glass transition temperature (220 K), the peak of this main loss feature 
is observed between 0.01 and 0.1 Hz, which allows identifying it as the structural α relaxation of BrBPh. Simi-
larly, the loss spectra of BPh (Fig. 2c) exhibited a main α relaxation loss feature whose kinetic freezing marks 
the glass transition temperature of this compound, in agreement with previous  studies27,32. Both compounds 
exhibited an excess loss intensity on the high-frequency flank of the α peak, indicative of the presence of one or 
more secondary relaxations.

In order to identify the number of (secondary) component present in the spectra, and extract their charac-
teristic relaxation time, we applied the fitting procedure described in “Experimental details” section. Figure 3 
compares fits of the loss spectrum of BrBPh at 216 K (a) and that of BPh at 209 K (b) with either two or three 
relaxation components. These temperatures were close to the respective glass transition temperature of each 
compound. The mean-square deviation of the fit with three components was only slightly lower than that with 
only two. However, the difference between the spectra and both fits, displayed in the insets, significantly shows 
a systematic, non-random frequency dependence of the fit error in the case of only two loss components (green 
curves), which displayed a peak-like feature at frequencies intermediate between the two components.

This result is clearly indicative of the presence, in both compounds, of an intermediate relaxation between the 
main α relaxation and the loss component at highest frequency. This is in disagreement with previous  studies27,32 
which reported only two relaxation processes (namely, the main α relaxation and the highest-frequency one) in 
pristine BPh. The failure of previous studies to identify the intermediate loss process is probably due to the fact 

Figure 3.  Comparison between the two-component and three-component fits of the ambient-pressure loss 
spectrum of BrBPh at T = 216 K (a) and of BPh at T = 209 K (b). Markers are data points, continuous lines are 
fits, and dashed lines represent fit components. The relative difference between either fit and the experimental 
spectrum are displayed in the inset to each panel.
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that this earlier analysis was based on spectra containing fewer data points (see “Experimental details” section), 
possibly to avoid crystallization of BPh during the dielectric measurements.

Three-component fits were carried out on the loss spectra of both compounds at all measured (P, T) condi-
tions. As mentioned in “Experimental details” section, the α relaxation was well described by a Cole-Davidson 
function, which is a special case of the HN Eq. (1) with a = 1, while both secondary relaxations were modeled as 
Cole–Cole functions, a special case of the HN Eq. (1) with b = 1. A Cole-Davidson function for the α relaxation 
was employed also in previous dielectric studies on  BPh27,32, while a Cole–Cole line shape is a usual feature of 
secondary  relaxations51. The relaxation times τ (Eq. 2) of each relaxation are displayed as a function of inverse 
temperature (Arrhenius plot) in Fig. 4. As customary, the three processes are labeled as α, β, and γ starting from 
the one visible at lowest frequency (longest characteristic time τ). It can be observed that all three relaxations 
become slower (display longer τ) as the temperature is lowered or as the pressure is increased, as expected for 
molecular relaxation processes.

The time–temperature Arrhenius relaxation map of amorphous BrBPh is displayed in Fig. 4a for the three 
pressures studied, namely ambient pressure (0.1 MPa), 201, and 400 MPa. For the α relaxation, the observed effect 
of pressurization entails that the kinetic glass transition temperature (see below) becomes larger with increas-
ing hydrostatic pressure, as expected. Moreover, the behavior of the structural relaxation time with temperature 
and pressure is compatible with the expected decrease of the effective activation volume of the relaxation with 
increasing  temperature52.

The α relaxation displays super-Arrhenius behaviour at all three studied pressures. At least close to the glass 
transition, this behaviour could be well modelled with the Vogel-Fulcher-Tamman (VFT) function, given  by53–55:

Figure 4.  Arrhenius plot of the structural (α, filled circles) and secondary β (half-open squares) and γ (open 
triangles) relaxation times in BrBPh (a) and BPh (b). In (a), the data for all three studied pressures are reported 
(blue: 0.1 MPa; red, 201 MPa; green: 400 MPa). In (b), α relaxation times above Tg were obtained by our own 
fits of the loss spectra of Ref.27, and the red dot represents the relaxation time of the fast-β relaxation inferred 
from analysis of the optical Kerr effect on BPh (Ref.35). In both panels, continuous lines are VFT fits (Eq. 3) of 
the α relaxations or linear (Arrhenius law) fits of the secondary (β, γ) relaxation times. The dashed horizontal 
line marks the glass transition temperature Tg, while the dashed vertical line marks the dynamic cross-over 
temperature at which the VFT temperature dependence of the α relaxation changes in the ambient pressure 
data. Stars represents the precursor times predicted by the Coupling Model (Eq. 5). Inset to (a): variation of Tg 
with the applied pressure (markers). The line is a linear fit.
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Here τ∞ is the characteristic time extrapolated at very high (infinite) temperature, D is the so-called fragility 
strength coefficient and TVF is the Vogel-Fulcher temperature. It should be noted that, for the ambient-pressure 
data of BrBPh, a single VFT equation was not sufficient to fit all structural relaxation times. Instead, two VFT 
equations had to be employed for both compounds, one in the temperature range close to the glass transition, 
and a different one for the data at higher temperatures. The same behaviour was reported previously for the 
structural relaxation of  BPh27,32.

The so-called dynamic glass transition temperature Tg was determined from the intersection between the 
lower-temperature VFT fit of the α relaxation and the line of equation Log(τ/[s]) = 2 (horizontal dashed lines 
in Fig. 4). In both cases, the dynamic Tg at ambient pressure (209 and 218 K for the pristine and brominated 
compounds, respectively) was only slightly lower (by 2 K) than the calorimetric one (211 and 220 K). Since Tg 
is not a thermodynamically defined but rather a kinetically defined temperature, a small discrepancy can be 
expected due to the different experimental conditions: the calorimetric Tg is measured in the heat-up ramp of 
a cool-heat cycle at 10 K/min, while the dynamic (dielectric) Tg is determined in the present case upon cooling 
or heating slowly in a stepwise fashion during acquisition of the isothermal loss spectra. Since the acquisition 
of a dielectric permittivity spectrum down to frequencies of  10–2 Hz takes roughly one hour, the experimental 
procedure allows the supercooled liquid to retain its ergodic state at lower temperature compared with the faster 
DSC temperature ramp, which rationalizes why Tg,BDS < Tg,DSC.

The (Tg,Pg) pairs extracted from the dielectric measurements of BrBPh at different pressures are plotted in 
the inset to Fig. 4a. It can be seen that Tg scales linearly with Pg in the studied pressure range. This linearity most 
likely holds only at low enough applied pressures; indeed, studies performed in a larger pressure interval usually 
show a non-linear dependence, often described by the Anderson-Anderson  equation56,57. The numerical values 
of Tg and Pg are reported in Table 1 along with the VFT fit parameters (only one set of parameters are reported 
for the ambient pressure data, namely those corresponding to the VFT closer to Tg). Table 1 also includes the 
isobaric kinetic fragility index, which is defined  as58:

The numerical value of mP was determined either directly from a linear fit to the experimental data near 
Tg, or from the VFT fit parameters describing the structural relaxation near the glass transition (denoted as 
mP, VFT); both values are reported in Table 1. The isobaric fragility of BrBPh is smaller than that of the parent 
BPh molecule, and it appears to decrease slightly with increasing pressure. The fragility index of BPh is smaller 
than that reported in a previous  study27.

In contrast to the structural relaxation, the secondary relaxations of both compounds exhibited a simply-
activated Arrhenius behaviour (straight-line appearance in the relaxation maps of Fig. 4) both at ambient and 
high pressure (for BrBPh). While the γ relaxation was characterized by a single activation energy in all cases, 
the β relaxation of BrBPh displayed a cross-over between a lower activation barrier in the glass state (below Tg) 
and a higher one in the supercooled liquid state (above Tg), at least in the spectra acquired at ambient pressure 
(Fig. 4a). This cross-over in the temperature dependence at Tg is typical of the Johari–Goldstein (JG)  relaxations18 
mentioned in the introduction.

According to the Coupling  Model59,60, the JG relaxation time near Tg should match approximately the so-
called precursor time τCM, given by:

Here tc ≈ 2 ·  10–12 s is a cut-off time universal to molecular and polymeric glass  formers18, τα is the structural 
relaxation time, and k is the exponent of the stretched Kohlrausch–Williams–Watts exponential function describ-
ing the α loss feature in the time domain. For most  cases61,62, the latter quantity can be accurately estimated from 
the a and b exponents of the HN Eq. (1) of the α relaxation as k ∼= (ab)

1
1.23.

(3)τα(T) = τ∞exp

(

D
TVF

T − TVF

)

(4)mP =

[

d

d
(

Tg/T
) log (τα)

]

T=Tg

(5)τCM = t1−k
c (τα)

k .

Table 1.  Dynamic glass transition temperatures, VFT parameters of the primary α relaxation in the proximity 
of Tg, and kinetic fragility index of BrBPh and BPh. The latter was computed either from a linear fit  (mP) or 
from the VFT parameters  (mP,VFT).

Compound Ortho-bromobenzophenone Benzophenone

Pg (MPa) 0.1 201 400 0.1

Tg (K) 218 250 280 209

Log(τ∞/[s])  − 21.5 ± 0.5  − 21.3 ± 1.4  − 20.5 ± 0.9  − 23.6 ± 0.3

TVF (K) 141.1 ± 2.4 154.8 ± 9.6 180.5 ± 6.4 143.6 ± 0.5

D 29.7 ± 2.0 33.2 ± 7.3 28.7 ± 3.9 26.6 ± 2.6

mP 63 ± 10 56 ± 10 54 ± 10 82 ± 10

mP, VFT 68 ± 10 62 ± 10 64 ± 10 81 ± 10
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Near the dynamic Tg at ambient pressure, the a and b HN fit parameters of the α relaxation of BrBPh had 
typical values of 1 (Cole-Davidson function) and 0.58, respectively, leading to a Kohlrausch exponent k of 0.64. 
A similar Kohlraush exponent was found for the high pressure spectra of BrBPh. The corresponding k value for 
unsubstituted BPh at ambient pressure was somewhat lower, 0.57. As it may be observed in Fig. 4, the calculated 
precursor times (stars) for both supercooled liquid BrBPh and BPh just above Tg are virtually identical to the 
experimental β relaxation times both at ambient and high pressure.

To further corroborate the JG nature of the β relaxation of both compounds, Fig. 5 displays the logarithmic 
plot of both τβ and τγ as a function of τα, for all acquired data. At ambient pressure (Fig. 5a), the logarithm of 
both secondary relaxation times is linearly correlated with log(τα), with slopes of 0.53 ± 0.03 and 0.12 ± 0.01 for 
τβ and τγ, respectively, for BrBPh, and 0.46 ± 0.03 and 0.16 ± 0.01 for BPh. According to Eq. (5), in such plot 
the JG relaxation time should exhibit a slope equal to the Kohlrausch exponent k. The experimental slopes of 
log(τβ) vs log(τα) are only slightly higher than the experimental value of k in both compounds, confirming the JG 
nature of this relaxation. In contrast, in both cases the slopes of the logarithmic τγ vs τα plots are way too small 
to correspond to a JG relaxation. Indeed, such low slope value would entail, according to Eq. (5), an extremely 
broad α relaxation feature of both compounds, which is not observed in the loss spectra (see Fig. 2b and c). 
This is in agreement with the conclusions of Ref.36 that the γ relaxation of BPh cannot be a JG process. It can be 
further observed in Fig. 5b that the high-pressure data for τβ for BrBPh fall roughly on top of the corresponding 
ambient pressure data, which is to be expected for a JG relaxation if the Kohlrausch exponent is not sensitive to 
pressure. This is instead not observed for the γ relaxation of the brominated derivative. A further visual proof of 
this common scaling of τβ and τα can be obtained by comparing isochronal spectra, that is, spectra at distinct (T, 
P) pairs with a common structural relaxation time. Three such isochronal spectra, with very similar relaxation 
time τα ≅ 3 ·  10–4 s, are compared in Fig. 5c. The spectra are normalized to the maximum loss of the structural 
relaxation, and they are slightly shifted in frequency for better visual comparison. It can be seen that the shape 
of the loss spectra is roughly invariant, suggesting that the spectral (frequency) position of the β relaxation is 
the same in all isochronal spectra despite the relatively large change in (P, T) values. Such spectral invariance is 
a feature of JG relaxations.

The correlation between the β relaxation and the structural one can be also discerned in the so-called Angell 
plot, the plot of the logarithm of the relaxation times as a function of the inverse reduced temperature, defined 
as the temperature normalized to the glass transition temperature at a given pressure. The Angell plot of all 
BrBPh data is displayed in Fig. 6a. It can be observed that the logarithmic relaxation times of the JG β relaxa-
tion scale roughly with Tg and that they display the same low-temperature slope in the Angell plot, regardless 
of the applied pressure. The slope of the γ relaxation is instead different with varying pressure. The application 
of a hydrostatic pressure has been sometimes employed to distinguish the JG relaxation from intramolecular 
 processes57, since the JG relaxation is expected to display a master-curve scaling in the Angell plot for different 
pressures, while intramolecular relaxations are not. This test could not be performed for supercooled BPh due 
to its strong tendency to crystallize under an applied pressure.

For comparison purposes, we plot in Fig. 6b the ambient-pressure data for both BPh and BrBPh in a single 
Angell plot. The more pronounced curvature of the α relaxation of pristine BPh in the Angell plot is consistent 
with its higher kinetic fragility index (Eq. 4). The β JG data of the two compounds are not superposed in the 
common Angell plot, which is not surprising considering that the precursor time of the Coupling Model depends 
not only on τα but also on the shape parametres of the α relaxation.

Having assigned the slowest (α) and intermediate (β) dielectric relaxations of both compounds to the struc-
tural and Johari–Goldstein relaxation processes, respectively, the fastest relaxation (γ) can only have an intramo-
lecular character. Indeed, the molecule is not flat as methylindole, the only known example of a rigid molecule 
with two secondary whole-molecule relaxations in the isotropic liquid  state20.

As mentioned in the introduction, a recent X-ray diffraction study of the two crystalline forms of BrBPh has 
shown that the molecular structure of the brominated derivative is not helicoidal as the ground-state structure 
of unsubstituted BPh, but rather displays a coplanar phenyl-ketone moiety, tilted with respect to the brominated 
 ring45. This molecular geometry entails the existence of two possible enantiomers with same energy and opposite 
chirality, and both the stable and metastable crystal phases of BrBPh are in fact racemic mixtures with equal 
population of both  enantiomers40. Since the metastable crystalline phase is formed by recrystallization from 
supercooled liquid BrBPh, it is likely that the inter-enantiomer conversion is active in the liquid state (we cannot 
exclude a priori the possibility that conformers with different internal torsion angles coexist in the liquid phase). 
We therefore assign the γ relaxation of BrBPh to an inter-enantiomer (or inter-conformer) conversion dynam-
ics in the liquid phase. Such internal rotation dynamics is detected by dielectric spectroscopy because both the 
brominated ring and the phenyl-ketone coplanar moiety have non-zero electric dipole moment.

One possibility for the γ relaxation of BrBPh is that it corresponds to the chirality inversion dynamics between 
the two isoenergetic equilibrium enantiomers (see the inset to Fig. 6a). It should be remarked that, due to steric 
repulsion between the Br atom on one hand, and the carbonyl oxygen and the hydrogen groups of the phenyl 
ring on the other hand, such chirality inversion cannot take place simply by a rigid relative rotation of the bro-
minated ring with respect to the phenyl-ketone moiety, but must involve a transition state in which the phenyl 
ring and the carbonyl group are no longer coplanar and the phenyl-ketone cross-conjugation is thus partially 
removed. In other words, the same steric repulsion between the bromine atom and the hydrogen atoms of the 
phenyl ring which forbids the fully planar configuration of BrBPh (and in general of molecules with two germinal 
aryl groups), also prevents inter-enantiomer conversion via a pure torsional motion of the planar phenyl-ketone 
moiety with respect to the brominated ring. Another possibility for the γ relaxation could be a small-angle rigid 
relative reorientation of the two planar subunits of the BrBPh ground-state conformer, without a change in 
chirality. As we discuss in the next paragraphs, the comparison with BPh suggests that the first interpretation 
is the most likely one.
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It is noteworthy that log(τγ) and log(τα) are linearly correlated in both compounds (Fig. 5). Since according to 
the Debye-Stokes–Einstein and Maxwell relations the structural relaxation time is proportional to the viscosity, 
the correlation between τγ and τα in BrBPh (Fig. 5b) implies that the internal rotation of BrBPh is a power-law 
function of the viscosity. Intramolecular relaxations are generally found to be independent of the structural 
mobility and of the  viscosity63,64, especially when they correspond to a torsional degree of freedom involving only 
a small subunit of a larger molecule. In the case of BrBPh, however, the inter-enantiomeric conversion involves 
the relative reorientation of two moieties that constitute the whole of the molecule. Such reorientational motion 

Figure 5.  (a) Logarithmic plot of τβ and τγ as a function of τα (above Tg) for the ambient pressure data of 
BrBPh (filled markers) and BPh (open markers), and linear fits. (b) Same plot for BrBPh for all three measured 
pressures. Continuous lines are linear fits of the ambient pressure data. (c) Normalized isochronal plot of the 
loss spectra of BrBPh at three (T, P) pairs for which the structural relaxation frequency is roughly the same 
(namely, τα ≅ 3 ·  10–4 s).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20248  | https://doi.org/10.1038/s41598-021-99606-0

www.nature.com/scientificreports/

is necessarily hindered by intermolecular steric interactions, especially if an inter-enantiomer conversion takes 
place, which may rationalize the observed correlation with the structural mobility and viscosity. Given both the 
large mass of bromine (basically equal to the mass of the whole phenyl group, so that the brominated ring has 
roughly twice the phenyl mass) and the significantly larger volume and steric hindrance of the brominated ring 
compared to the pristine phenyl ring, it is likely that the γ relaxation actually involves the internal and external 
rotation of the (more mobile) phenyl-ketone moiety, with respect to a brominated ring that remains stationary.

The assignment of the γ dielectric process in pristine BPh is less straightforward. In fact, the γ relaxation of 
BPh cannot correspond to a simple rotation of one or both phenyl rings, because such rotation would not result 
in a variation of the magnitude or direction of a dipole moment, other than a possible small effect due to cross-
conjugation resonance when the phenyl ring becomes coplanar with the carbonyl group. As a consequence, a 
rotation of only the phenyl groups cannot be detected in dielectric spectroscopy.

Although neither the β nor the γ relaxations are superposed in Fig. 6b, they occur in the same reduced 
temperature-frequency sector of the Angell plot in both compounds. This similarity between the two compounds 
and their Angell plots, the observation that the intramolecular γ relaxation scales with the structural mobility 
also in BPh (Fig. 5a), and the fact that γ relaxation must involve a reorientation of the carbonyl group of the 
BPh species, all suggest that the γ relaxation of BPh corresponds to a an inter-enantiomer or inter-conformer 
conversion dynamics similar to that of BrBPh.

It has been shown in a gas-phase theoretical  study37 that, although the coexistence of rotational conformers 
of BPh can be ruled out, the conformation of BPh with a phenyl ring coplanar to the carbonyl group corresponds 
to a saddle point in the rotational energy landscape which represents the minimum-energy interconversion path 
between the two lowest-energy helicoidal paddle-wheel enantiomers. Physically, this minimum energy path is 
due to the fact that the fully planar phenyl-ketone moiety has maximum cross-conjugation between the central 
carbonyl and one of the phenyl rings, and also due to the fact that it avoids strong steric interactions between 
the phenyl rings during their relative rotation. In view of this, we tentatively assign the γ relaxation of BPh to 
an interconversion process involving a transition state with the same configuration as BrBPh, namely, with one 

Figure 6.  (a) Angell plot of all dielectric relaxation times of BrBPh at various (T,P) conditions (same data as in 
Fig. 4). Inset: proposed conformational change of the BrBPh molecules, corresponding to the γ relaxation. (b) 
Ambient-pressure comparative Angell plots of BrBPh and BPh. Inset: proposed pathway of the conformational 
change of the BPh molecules, corresponding to the γ relaxation of this compound.
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of the phenyl rings coplanar with the ketone group and the other one tilted (see the inset to Fig. 6b for a visual 
scheme of such a process), and ascribe the γ relaxation of BrBPh to the chirality inversion process.

With this assignment, the observation of a dielectrically-active inter-conformer dynamics in BPh can be 
accounted for. Just like the inter-enantiomer conversion process of BPh occurs through a “perpendicular” transi-
tion  state37, due to similar steric and electronic interactions the inter-enantiomer conversion process of BrBPh 
occurs through a conformation in which both conjugated rings are out-of-plane, similarly to the helicoidal con-
formation of the ground state BPh conformer. In this sense, therefore, the proposed assignment of the γ relaxations 
of both pristine and brominated benzophenone involves precisely the same conformations, in one case as equilibrium 
states, and in the other case as transition state. In the transition  state37 of BPh (respectively, equilibrium state of 
 BrBPh45), electronic conjugation between the coplanar phenyl and carbonyl moieties is maximum. On the other 
hand, the equilibrium helicoidal conformation of BPh has maximum cross-conjugation between the phenyl group 
(only partial cross-conjugation between both phenyl rings can be obtained, since the coplanar configuration of 
both rings is forbidden by steric interaction). As mentioned in the introduction this effect is less important in 
BrBPh due to the asymmetry caused by the electronegativity of the Br atom.

We therefore suggest that steric and electronic conjugation effects establish a preference for these two types of 
conformers during dynamic inter-enantiomer conversion processes in both compounds. The molecular weight 
of the brominated aryl ring is more than twice that of the unsubstituted phenyl ring, and the molecular volume 
occupied by the brominated ring is correspondingly larger, so that we can expect that the γ relaxation time is 
determined by the same inertial effects/steric interactions that are responsible for the higher glass transition 
temperature of the brominated derivative. This helps rationalize the scaling of both γ relaxations with the cor-
responding τα times.

Conclusions
We have employed temperature- and pressure-dependent dielectric spectroscopy to characterize the molecular 
dynamics of the supercooled liquid and glassy states of benzophenone and ortho-bromobenzophenone. The 
dielectric loss spectra of both compounds exhibit three separate relaxation processes, visible in distinct tempera-
ture/frequency ranges, which are assigned either to rigid rototranslations (α, β) or to internal rotations (γ). The 
relaxation at lowest frequency correspond to the structural α dynamics whose kinetic freezing marks the glass 
transition temperature Tg, which at ambient pressure takes place at 209 and 218 K in the pristine and brominated 
compounds, respectively. In the halogenated compound, the Tg is observed to scale linearly with applied pressure.

The intermediate-frequency relaxation in both compounds corresponds to the non-diffusive, whole-molecule 
Johari–Goldstein (JG) β secondary relaxation, as determined both by comparison with the Coupling Model 
and, in the case of the halogenated derivative, by the common scaling with applied hydrostatic pressure. The 
observation of such relaxation also in pristine benzophenone resolves a long-standing issue about the possible 
lack of the JG relaxation in this molecule.

The third and highest-frequency γ relaxation corresponds to an intramolecular process, which in ortho-
bromobenzophenone stems from the only internal molecular degree of freedom, namely, the external rotation of 
the brominated ring with respect to the coplanar, cross-conjugated phenyl-ketone moiety. Due to steric interac-
tions between the hydrogen and bromine groups of the geminal aryl rings, the planarity of the carbonyl-phenyl 
moiety has to be broken temporarily for such internal rotation to take place. We assign the γ relaxation of otho-
bromobenzophenone to the interconversion between two isoenergetic enantiomers of opposite chirality. The 
observation of a dielectrically active γ relaxation also in the parent compound can be rationalized by invoking 
an internal rotation of the molecule that involves a change of orientation of the carbonyl moiety, which is the 
only polar group of the benzophenone molecule. We therefore suggest that the γ relaxation of benzophenone 
stems from the intramolecular dynamics involving a transition state with the same geometry as the brominated 
derivative, namely, with the phenyl ring coplanar with the carbonyl group. Our contribution shows that the 
comparative analysis of the relaxation map of related molecular derivatives is a valuable tool for the experimental 
identification of molecular dynamics processes.
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