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Carbazole and anthracene, two aromatic hydrocarbon components contained in coal tar, are used as
essential organic intermediates to synthesize various carbazole derivatives and anthraquinones. N,N-
Dimethylformamide (DMF) is a commonly used solvent to extract carbazole from crude mixtures of
carbazole and anthracene. However, the interaction between carbazole/anthracene and DMF in the
extraction process is still to be fully understood at the molecular level. In this work, the intermolecular
interaction of carbazole/anthracene with DMF was investigated using various NMR techniques, including *H
NMR titration, variable temperature NMR spectroscopy (VT-NMR), Nuclear Overhauser Effect Spectroscopy
(NOESY), and diffusion-ordered spectroscopy (DOSY). The observed H chemical shift changes of
carbazole indicated strong intermolecular hydrogen bonds between carbazole and DMF, which was further
supported by the decrease in the molecular self-diffusion coefficients (D) of both carbazole and DMF
according to DOSY measurements. Moreover, NOESY experiments revealed that the distance between the

. aldehydic hydrogen of DMF and the N-H of carbazole was smaller than 5 A. Accordingly, an intermolecular
Received 28th August 2022, ) ;
Accepted 26th October 2022 hydrogen bond between carbazole and DMF in the form of C=O---H-N was proposed. This research
increases our knowledge about the separation process of carbazole and anthracene and hence helps
DOI: 10.1039/d2im00020b improve the methods.
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production of anthraquinone, which is used to prepare bio-
degradable materials,” colorants,® anti-diabetics,”® and

1 Introduction

The by-product of coal carbonization, coal tar, adds up to an
annual production of more than 20 million tons." Commonly,
tens of thousands of organic material are contained in coal
tar; however, only about 500 valuable chemical products have
been identified, and these are widely used in the chemical,
agricultural and  pharmaceutical industries.>  Crude
anthracene oil, a main fraction of coal tar, is rich in aromatic
hydrocarbon components, such as anthracene, phenanthrene
and carbazole. Anthracene is used as a raw material for the
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photoredox catalysts.” Phenanthrene and carbazole are used
for synthetic dyes,® pesticides,” pharmaceuticals’® and
photoelectric materials."* Along with the development of fine
chemicals and the advancement of organic synthesis, there is

an increasing demand for high purity anthracene,
phenanthrene, and carbazole. At present, these three
compounds are mainly obtained by separation and

purification of crude anthracene oil."

Physical separation methods, such as crystallization,"
distillation, zone melting'*'® and supercritical fluid
extraction,'®'” are the main ways to obtain anthracene,
phenanthrene and carbazole. Due to their close boiling
points, ie. 340.7 °C (anthracene), 340.2 °C (phenanthrene)
and 354.8 °C (carbazole), the separation of these compounds
by distillation is a time and energy consuming process.’® A
separation method based on an emulsion membrane
requires high stability of the separation system.'® Zone
melting technology demands complex operation steps and
strict temperature control.>®>' Among these methods,
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crystallization is an effective method to separate anthracene,
phenanthrene and carbazole from anthracene oil, and readily
available solvents are the key factor for the separation.
Because the solubility of phenanthrene in non-polar solvents
is higher than the solubility of anthracene and carbazole,
phenanthrene can be extracted from crude anthracene oil
with benzene and its derivatives (e.g. benzene, toluene and
xylene). For the separation of anthracene and carbazole, the
difference in the solubility of carbazole and anthracene is key
for the solvent selection. However, solvent screening is still
lacking theoretical guidance, with most studies working on
the basis of “like dissolves like”."® Recently, DMF has been
developed as an efficient solvent for carbazole and
anthracene separation due to the high solubility of carbazole
in DMF. Moreover, researchers have found that the
separation of carbazole and anthracene benefits from an
intermolecular hydrogen bond between carbazole and
DMEF."®?? In most cases, hydrogen bonding can enhance the
solubility greatly and research on solubilization, mediated by
hydrogen bonding, has received significant attention in both
academia and industry.>® Although it is well known that the
hydrogen bonds between carbazole and the solvent promote
the solubility of carbazole, there is no detailed study
concerning the interaction mechanism between carbazole/
anthracene and solvent capable of hydrogen bonding. It is
important to use a versatile detection technique for analyzing
hydrogen bond interactions, and hence to explain the
interaction mechanism between carbazole/anthracene and
DMF via hydrogen bonding on the molecular level.

NMR spectroscopy is routinely available in most chemistry
research facilities, and liquid-state NMR>! is a high-
resolution and non-invasive technology. NMR signals
represent the different environments of atomic nuclei and
provide rich information on structural details. Thus, NMR
spectroscopy has developed into a powerful analytical tool for
studying molecular interactions. Our research group has
studied the interaction between the macromolecule PAMAM-
NH, and small guest molecules through various NMR
techniques. For example, we provided a systematic NMR
method monitoring the interaction between PAMAM and
6-mercaptopurine 6-MP, confirming that 6-MP enters the
PAMAM-NH, cavity and interacts with amide groups in the
internal dendrimer structure via hydrophobic interactions
and hydrogen bonding.>®> NMR spectroscopy is very powerful
in characterizing hydrogen bonds due to its multinuclear and
multidimensional detection.>**® For instance, chemical shift
titration can show the signals of H-bonded protons, which
move downfield because of the diamagnetic shielding
effect.”> The pure shift NMR method is very effective at
reducing signal overlap such as the recently reported
advanced diffusion NMR method, Pure Shift Yielded by
CHirp Excitation DOSY (PSYCHE-iDOSY),>” which can record
a high resolution signal diffusion spectrum, facilitating
composition analysis and structure interaction. Other 1D and
2D methods such as studies of the change of T1 relaxation,*®
observation of intermolecular NOE,*>* measurement of spin-

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

View Article Online

Paper

spin coupling constants and diffusion-ordered spectroscopy
(DOSY)?° are also very effective. The NOE has long been well
recognized as a powerful tool for investigating hydrogen
bonds.*! Recently, DOSY has been used as a qualitative probe
for detecting hydrogen bond strength.*® With the aid of NMR
information, we aim at a better understanding of the
hydrogen bonding between DMF and carbazole leading to
the solubilization of carbazole, and eventually helping in the
development of methods for separating similar structures
more effectively.

In this article, we study the intermolecular interaction
mechanism between DMF and carbazole/anthracene by
various advanced NMR techniques. Chemical shift titration
and the DOSY technique provide a new insight into the
interaction between DMF and carbazole and demonstrate the
existence of hydrogen bonds. Pure shift NMR suppresses the J
coupling of multiple structures and solves the dilemma of
overlapping 'H spectra. NOESY experiments show the
correlation signal between carbazole and DMF, indicating that
the spatial distance of the aldehydic hydrogen and the active
hydrogen is small, thus indicating hydrogen bonding between
carbazole and DMF. The influence of temperature on
hydrogen bonding was also investigated and finally a possible
mode of interaction between carbazole and DMF is provided.

2 Results and discussion

The 'H and *C NMR spectra of pure carbazole, anthracene
and DMF are shown in Fig. S1-S4 and S7 and S8.f With the
assistance of the 'H-'H COSY spectrum (Fig. S51) and the
'"H-"C HSQC spectrum (Fig. S6t), each signal of carbazole,
anthracene and DMF could be assigned in Table 1.

2.1 Chemical shift titration

In order to investigate the interaction between DMF and
carbazole (or DMF and anthracene) by NMR, a small quantity of
DMF was added to a mixture of carbazole and anthracene in dg-
benzene. The chemical shifts of anthracene remained essentially
unchanged (Fig. 1), which suggests insignificant intermolecular
interactions between anthracene and DMF (showed with the

Table 1 H NMR and C NMR data assignments of carbazole,
anthracene and DMF

Compound Molecular structure Atom number J¢ (ppm) Jy (ppm)

Carbazole P 1,12 120.7 7.99

. ﬁ Q w 3,10 1259 7.35

2,11 119.6 7.19

) 4,9 110.8 7.05

H N-H — 6.52

Anthracene PP~ 1, 4,11, 14 128.2 7.79
¢ ? 2.3,8,9 131.9 —

NANS: 5,6,12,13 1252 7.24

P00 o1 7,10 126.4 8.15

DMF " '/zm 1 161.7 7.66

\/ ! 2 30.7 1.92

H NG 3 35.1 2.39
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Fig. 1 The *H NMR spectra of mixtures of carbazole and anthracene
before and after adding DMF. 2.0 mg carbazole and 2.0 mg anthracene
in 400 uL CgDg at 25 °C. Orange bars indicate the signals of anthracene.

orange bars). However, after adding DMF, the signal at 6.52
ppm, i.e. N-H of carbazole, clearly shifted downfield.

The chemical shifts of carbazole protons 1, 3, 4, 9, 10, and
12 do also increase to varying degrees (pointed out with
different colored arrows). These shift changes indicate
intermolecular interactions between carbazole and DMF.
Further investigation of the interaction of carbazole and DMF
was conducted using chemical shift titration experiments.

Fig. 2a shows a series of chemical shift titration spectra of
carbazole. With the gradual addition of DMF, the signals of
carbazole move downfield. The green arrows label the

A n(DMF):n(carbazole)
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Fig. 2 (a) The 'H NMR spectra of 2.0 mg carbazole with increasing
concentration of DMF in deuterated benzene and at 25 °C. Referenced
to tetramethylsilane (TMS). (b) The enlarged part between 7.15 and
7.45 ppm to show the variation of carbazole signals.
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variation of chemical shift of the N-H proton, from 6.52 ppm
to 9.44 ppm, indicating an obvious trend of signal change to
a lower field. Another distinct signal change belongs to H-4
and H-9 in the carbazole molecule, which changes from 7.05
ppm to 7.45 ppm. The resonance of protons 1 and 13 slightly
shift to a lower field, from 7.99 to 8.06 ppm. The signals at
7.35 (protons 3 and 10) and 7.19 (protons 2 and 11) ppm
moved about 0.02 ppm downfield, and the chemical shift
changes were not obvious. The chemical shift of protons H-4
and H-9 moved slightly more downfield than those of the
other protons of benzene rings (Fig. 2a). DMF (Fig. 3)
contains two electronegative centers, which are negatively
polarized (6-) O and N. Because of the steric hindrance
caused by the presence of the two methyl groups, hydrogen
bonding between N and carbazole is much less favorable
than that between O and carbazole. Furthermore, O is more
electronegative and contains two free lone pairs, which are
H-bond acceptors. Therefore, it is most likely that the
intermolecular hydrogen bond, formed between carbazole
and DMF, is C=0---H-N, as shown in Fig. 3. The effects of
hydrogen bonding on the chemical shift of the aromatic
hydrogens have been mentioned in previous studies.*> The
change in chemical shifts originating from the aromatic
hydrogens near the hydrogen bond position is relatively
obvious. It is well established that hydrogen bonding of
phenolic compounds results in a change of the resonance of
the shifts from para-H to a higher magnetic field than that
from ortho-H, which move about 0.1-0.3 ppm downfield.*?

Hence, upon gradual addition of DMF, the carbazole
signals move downfield to different degrees, according to the
n system of benzene ring conjugation with the p orbital of
the N atom,** resulting in the electron delocalization around
carbazole. The hydrogen bond interactions in the system
result in a decrease in diamagnetic shielding around the
bridging proton, resulting in a proton shift to a lower field.*

Interestingly, the spectral splitting mode of carbazole
protons between 7.15 and 7.45 ppm also clearly changed
(Fig. 2b). For example, the splitting of peaks of carbazole at
7.20 ppm became very complex when 8.3 mg DMF was added
to a solution containing 2.0 mg carbazole. The pure shift
NMR method can diminish the influence of J-coupling.

As an example, upon the addition of 8.3 mg DMF to 2.0
mg carbazole (a molar ratio = 9.5), the pure shift spectrum
compared with the traditional 'H NMR spectrum is
significantly simplified, facilitating the identification of
carbazole proton peaks (Fig. S91). However, when 10.8 mg

Fig. 3 Schematic diagram of the intermolecular hydrogen bond
between carbazole and DMF.
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DMF was added to the solution of carbazole, the signals at
7.20 ppm seemed to change to give a triplet. The signals at
7.34 ppm also change dramatically during the addition of
DMEF. The change of signals in the mixture with 8.9 mg DMF
and 2.0 mg carbazole (a molar ratio = 10.1) is the most
obvious. The peaks at 7.20 ppm split to multiple peaks. We
speculate that the underlying reason for this change is that
DMF molecules construct a hydration shell around the
molecule of carbazole.*® When the molar ratio of DMF to
carbazole was 10.1:1 and the number of DMF molecules
around each carbazole molecule reached a critical value, the
hydration shell no longer expanded.

Another signal change is at high field, where the signal at
0.40 ppm shifts to 2.23 ppm. This signal is assigned to the
trace amount of water in the reagents, and the formation of
hydrogen bonds between DMF and water makes this signal
shift to a lower field.

2.2 VI-NMR experiments

Variable-temperature "H NMR spectroscopy is often used to
characterize the hydrogen bond strength as hydrogen
bonding is temperature sensitive and can gradually weaken
and even be broken with increasing temperature. Fig. 4
shows the VI-NMR spectra of a mixture of carbazole,
anthracene and DMF. With the decrease of temperature, the
signal of active hydrogen, i.e. the N-H of carbazole and the
proton in H,O, moves to the downfield region, which means
that the strength of hydrogen bonds between DMF and
carbazole becomes stronger.’” Notably, other chemical shifts
from carbazole and anthracene do not change during the
cooling process.

2.3 NOESY measurements

NOESY relies on the spatial relationship between two nuclei.
In general, the distance between protons must be <5 A to
generate NOE signals. Thus, NOE spectroscopy is a tool for
studying molecular interactions and spatial arrangements,
e.g. hydrogen bonds.*® Fig. 5 shows the NOESY spectrum of
carbazole and DMF at 8 °C. The signals in red circles are the

‘;J%M;4L
Y .

) L

Sl L

N-H H20

85 8.0 7.5 7.0 25 20 15 1.0 0s 0.0

Fig. 4 The variable temperature-NMR spectra of 0.2 mg carbazole,
0.2 mg anthracene and 4.0 mg DMF in 400 pL CgDe.

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

View Article Online

Paper

. I‘ 1 JL J\ ,‘Mj\ ey 4

B ) Ll

Fi (ppm]

a6 |

[ L

F2 [ppm] 82 80 78 76

F2 [ppm]

Fig. 5 The NOESY spectrum of 0.2 mg carbazole, 0.2 mg anthracene
and 4.0 mg DMF in 400 pL C¢Dg at 8 °C.

correlation signals between the aldehyde hydrogen in DMF
and N-H of carbazole, which indirectly indicate that the
spatial distance between the aldehyde oxygen of DMF and
N-H of carbazole is less than 5 A and the form of hydrogen
bond is shown in Fig. 3. The NOESY spectra indicate that the
formation of hydrogen bonds between carbazole and DMF
makes the spatial distance small between C—0 and N-H.

2.4 DOSY experiments

DOSY experiments can provide the molecular self-diffusion
coefficient (D). The D value is correlated with the fluidity and
can reflect the interaction between molecules, such as
hydrogen bonds. For a simple spherical molecule, the D value
conforms to the Stokes-Einstein equation: D = kgT/(6mnry),
according to which hydrogen bonding can be related.

To remove the influence of change in viscosity (1),
tetramethylsilane (TMS) is chosen as an internal diffusion
reference in our experiments. As described in the Stokes-
Einstein equation, the ratio of the diffusion of a solute (D) and
the reference TMS (Dpvs) depends on the ratio of their
hydrodynamic radius: D/Dyyvs = Taems/Ta- The diffusion of the
reference compound in different solutions can be regarded as
relatively constant because TMS does not take part in the
intermolecular interactions studied, and its diffusion is hence
only influenced by the viscosity of solvent. D/Drys is the relative
diffusion coefficient value of the same solute and TMS in
different solutions, which is independent of the viscosity.
Consequently, the changes in diffusion of hydrogen bond donor
and acceptor can be presented as AD/Dmys = D'/Diys — D/Drwus.
In addition, the alteration of hydrodynamic radius of the solute
can be described as Ary = ry;/ra because ryyys is also constant
in different solutions.

With TMS as the internal reference, the diffusion
coefficient values of carbazole and anthracene, before and
after the addition of DMF, are listed in Table 2. The diffusion
curves and DOSY spectra of carbazole and anthracene after
DMF addition are shown in Fig. S10 and S11.f All of the
diffusion coefficient values decrease after the addition of
DMF. The values of AD/Dpys of DMF and carbazole are 0.05
and 0.04, respectively, indicating that the diffusion
coefficients of carbazole and DMF changed after the addition
of DMF.

Ind. Chem. Mater., 2023, 1, 240-246 | 243
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Table 2 The comparison of diffusion values of carbazole and anthracene before and after adding DMF at 25 °C

Before DMF addition

After DMF addition

Compound D(10°m*s™) D/Dys D' (10° m*s™) D'/Dipys AD/Drys Ary
TMS* 1.93 + 0.01 1 1.89 + 0.02 1 1
DMF 2.17 + 0.02 1.12 2.02 £ 0.03 1.07 0.05 1.05
TMS* 1.90 + 0.06 1 1.89 + 0.07 1 1
Carbazole 1.34 + 0.02 0.71 1.26 + 0.02 0.67 0.04 1.06
TMS* 1.93 + 0.02 1 1.89 + 0.04 1 1
DMF 2.17 + 0.03 1.12 2.12 + 0.02 1.12 0.00 1.00
TMS* 1.91 + 0.05 1 1.90 = 0.03 1 1
Anthracene 1.40 + 0.03 0.73 1.39 + 0.07 0.73 0.00 1.00
“ In different samples, the D value of TMS is slightly different.
Table 3 The comparison of diffusion values of a mixture of carbazole and anthracene before and after adding DMF at 25 °C

Without DMF With DMF
Compound D(10°m?s ™) D/Drys D' (107° m*s™") D'/ Diyg AD/Dryis Ary
T™S 1.92 + 0.05 1 1.81 + 0.01 1 — 1
Carbazole 1.34 £ 0.03 0.70 1.23 £ 0.03 0.68 0.02 1.03
Anthracene 1.40 + 0.02 0.73 1.32 + 0.04 0.73 0 1
DMF 2.17 + 0.01 1.12 1.96 + 0.01 1.08 0.04 1.04

The diffusion coefficient value of carbazole was more
precise than that of DMF and the diffusion coefficient value of
carbazole changes more than that of DMF. The changes of the
hydrodynamic radius of carbazole and DMF are similar
because the values of Ary of carbazole and DMF are 1.05 and
1.06, respectively. The diffusion coefficient values obtained
from a mixture of carbazole and anthracene, before and after
adding DMF, were obtained by DOSY. The result is shown in
Table 3. It is clear that the addition of DMF decreases the
diffusion of carbazole, and the diffusion of anthracene almost
stays unaffected. The values of Ary also indicate that hydrogen
bonds are formed between carbazole and DMF, and the
variation of the hydrodynamic radius of carbazole and DMF is
equivalent. The DOSY results hence strongly indicate the
formation of hydrogen bonds between carbazole and DMF.

3 Conclusion

In conclusion, we have disclosed the intermolecular
interaction between DMF and carbazole/anthracene. The
chemical shift changes observed for the active hydrogen
suggest the hydrogen bond interaction between carbazole
and DMF, i.e. C=0---H-N, and there is no hydrogen bond
formation between anthracene and DMF. The NOESY spectra
reveal the spatial distance between carbazole and the
“aldehydic” hydrogen on DMF, which clearly suggests that
the distances between the hydrogens are shorter than 5 A,
which further supports the formation of hydrogen bonds
between carbazole and DMF. Additionally, the DOSY results
strongly indicate the information of intermolecular hydrogen
bonds between carbazole and DMF. The proton signals on

244 | Ind. Chem. Mater., 2023, 1, 240-246

the carbazole benzene ring moves downfield in varying
degrees as affected by hydrogen bonding (C=O---H-N). The
peak shape changes of carbazole between 7.15 and 7.45 ppm
are suggested to be caused by DMF constructing a hydration
shell around the carbazole molecule. It is envisaged that the
interaction mechanism between carbazole/anthracene and
DMF will provide guidance for efficient screening of
carbazole/anthracene separation solvents, and play an
important role in promoting the development of coal tar
separation industry in the near future.

4 Experimental
4.1 Materials

Carbazole (96%), anthracene (98%) and tetramethylsilane
(99%) were purchased from Aladdin Reagent Company
(Shanghai). N,N-Dimethylformamide was obtained from
Tianjin Tianli Chemical Reagent Co., Ltd. Benzene-Dg (CgDs,
99.5% atom D) was supplied by Cambridge Isotope
Laboratories. All used without further
purification.

samples were

4.2 NMR experiments

NMR spectra were acquired on a Bruker AV-IIT 400 MHz NMR
spectrometer (9.39 T), using a 5 mm PABBO BB/*’F-'H/D
probe with a z gradient coil producing a maximum gradient
strength of 0.5 T m™". Carbazole (2.0 mg) and anthracene (2.0
mg) were dissolved in C¢Dg (0.4 mL), and 0, 2.5 and 4.0 mg
of DMF were added into three NMR tubes for preliminary
experiments. In the chemical shift titration experiments,
where the changes in the chemical shifts of carbazole with
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increasing DMF concentrations are observed, samples were
prepared by adding different amounts of DMF into solutions
of 2.0 mg carbazole in 0.4 mL C¢Ds. The 1D pure shift NMR
data can be reconstructed using the “pshift” function from
the Topspin software pulse program. The “psyche.mf” file
was set as an acquisition pulse sequence. Other acquisition
parameters were set as follows: sweep width (SWH) 10 000 Hz
or 24 ppm, number of dummy scans (DS) 2 and number of
scans (NS) 8, respectively. The spectra of carbazole,
anthracene and DMF in C¢Ds were acquired at variable
temperatures, i.e. 5, 8, 15, and 25 °C. The NOE spectra were
determined using the noesygpphpp pulse sequence. "H DOSY
experiments were performed with the Bruker standard
bipolar pulse longitudinal eddy current delay (BPPLED) pulse
sequence. Each DOSY NMR experiment collected 16 BPPLED
spectra with 32k data points. The diffusion time (4) was 50
ms. The duration of the pulse field gradient (d/2) was
adjusted to be between 730 and 1100 ps and to obtain 2-95%
residual signals with the maximum gradient strength. The
delay for gradient recovery was 0.2 ms and the eddy current
delay was 5 ms. The gradient strength was incremented in 16
steps from 2% to 95% of its maximum value in a linear
ramp. The data were processed with Bruker Topspin 3.1
software and the DOSY plots were obtained using Dynamics
Center 2.2.4 software.
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