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ARTICLE INFO ABSTRACT

Article history: Three 2-phenyl-1,8liazaazulene derivatives were synthesized and pinefonation behaviours we
Received investigated systematicaliya UV-vis absorption titration antH NMR titration, as well as theoreti
Received in revised form calculations. One ahem exhibited a monoprotonation process whileathers displayed promine
Accepted halochromic diprotonation responsesterestingly, upon protonation of 2-phenyl-Higzaazuler
Available online derivatives, the coplanarity and conjugation of ii6et-conjugated backbones were well kept, while

the electronic structures were controllably adjiisiEhe response mechanism of Hjazaazuler
derivatives towards acid is through the attachmahtcid proton to the nitrogen atom in

Kengrds: o diazaazulene ring, resulting in the change of Wiwritlization of protonated-N from $po sg, whick
1,3-d|az§1azulene derivatives differed from that of the well-known azulene (ample of 1,3diazaazulene, protonation at car
protonation . atom). This work would provide a new insight inke tprotonation researaf the organic function
response mechanism molecules.

n-conjugation . .
2017 Elsevier Ltd. All rights reserved

1. Introduction Among various organic chromophores, azulene deviesti
were reported to display fine-tuned photophysical aptical

behaviours owing to their unique polarized charggritution on

the fused seven- and five-membered riigus showing great
advantages as optical material candid&té®esearches towards
azulene derivatives have also involved the halaoiroesponses
owing to their specific structuré$? It was reported that, upon

Functional organic chromophores are drawing moreraore
attention due to their potential applications intogbectronic
fields;' including light-emitting diode$,solar cells** nonlinear
optical material$, and sensors.The protonation of organic
chromophores, which is considered as a facile #fedteve way
to tune the transition gaps, alter the moleculéeractions and protonation, the dipole moments of azulene derresti with
control  the aggregation ~morphology of the organicgpecial substituents could be largely enhar@edsulting in the
chromophores, has been one of the hottest reseapitis due 10 y4jystment of the electronic structures and thengbs of
its potential utilities in drug delivery,chemical sensotsand corresponding  physical properties, such as the caypi
fluorescence switching devicd&or example, perylene bisimides halochromic respon€e’®?* Studies I’1ave indicated that the

were reported to exhibit near-infrared absorptioegond 1100  4tonation of azulene-based derivatives always rsaon the C1
nm due to the great bathochromic shift of theirrghatransfer (or C3) atom in the five-membered rifif*>% with the

bands resulted from the acid-base stimiuli.Dihydro-
teraazaacene diimides containing 6 or 7 laterallgedl six-
membered rings show obvious colour changes upomwmaton-
deprotonation process.

formation of tropylium catioA’ Based on the protonation
response mechanism, the protonation of azulenevalees
would undoubtedly convert the hybridization of thetpnated
carbon atom from $pto sp, leading to the decrease of the

Generally, the response mechanism is based on itidage Molecular conjugation, which might break the plaiyarof
reactions between the organic chromophores and edid azulenes and induce dramatic geometric variations.
stimulus, which results in the chromophore-baseiibrcawith 1 . 1 -
proton attached to a special site. Upon the tramsftion of the @N EN 5 g 45/
chromophore from neutral state to a positively ghdr cation, N>—© )—Q
some properties including molecular geom&trgnd orbital 3
energy gap$ could exhibit certain alterations, and some 1
compounds even demonstrate dramatic halochromiaviiairs.

Usually, the molecular geometry would be greatly ueficed
upon protonation.

\

2 R=H
3 R=NO,
Scheme 1. Chemical structures fdr, 2, and3.
[(Corresponding authors: Tel.: +0-106-251-2822; fax166-251-6444;
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1,3-diazaazulene (DAA) is a unique derivative of azel@
which two carbon atoms are replaced by nitrogen gtovith a
rather large dipole moment locating within the heseomatic
core®®* Our group and collaborators have previously repoate
series of donor-acceptor typed DAA derivatives which show
relatively small ground dipole moment,)| and large first-order
hyperpolarizability £).*** The above mentioned DAA
derivatives all contain a basic conjugated skelab2-phenyl-
1,3-diazaazulenel( as shown in Scheme 1), which should be
responsible for their superior performances in ima@r optics.
As is proved, the simple moleculeis coplanar, indicating that
the introduction of phenyl group to 2 C atom of DAA wio
enlarge the conjugation system to form a ni€enjugated
constructior’’ Meanwhile, considering the two nitrogen atoms in
the five-membered ring, which would probably facthtathe
protonation behaviour, it is supposed that strestuyased od
would exhibit rather novel performances compared withlene
derivatives as promising acid-stimuli responsiveeanals.

Thus in this paper, based on the three typical DAAvdBves
2-phenyl-1,3-diazaazulend)( 2-(p-N,N-dimethylaminophenyl)-
1,3-diazaazulene 2), and 6-nitro-2-(p-N,N-
dimethylaminophenyl)-1,3-diazaazulens) ((Scheme 1), the
protonation behaviours were detailedly investigatedugh UV-
vis absorption titration andH NMR titration experiments.
Moreover, the protonation mechanisms of the chrdmogs
were proposed combined with the theoretical calautati It was
found thatl, 2, and 3 well kept their 16r-conjugated and
coplanar structures during protonation while the euolar
HOMO-LUMO energy gaps were greatly changed, indicatin
that the electronic structures of thdased derivatives could be
well tunedvia protonation without damaging the conjugation and
planarity.

2. Results and discussion

2.1. Synthetic route
OH OCH. NH
CH3),SO, iR —( >—f< - HCl =
R _(CHeS0s NH, R %@g
o acetone 0 N
1R=H,R=H
2R=H, R'= N(CHy)
3R=NO,, R'= N(CHy),

t-BuOK, EtOH, reflux

Scheme 2. Synthetic route fot, 2 and3.

Synthetic procedures fdr, 2 and3 were shown in Scheme 2.
They were generally obtained through the condensagiactions
between 2-methoxy tropone (or 2-methoxy-5-nitro ¢mg) and
corresponding benzamidinium hydrochlorides undefluxe
condition, with potassiuntert-butoxide as base and ethanol as
solvent. Detailed procedures and characterizationsre w
presented in the experimental sectio®. was synthesized
according to our previous repdtt>**1 was obtained as white
powder,2 as red powder an@las light violet powder. They were
all soluble in many organic solvents, such as digthethane,
chloroform, ethanol, ethylacetate and so on.

2.2. UV-vis absorption studies
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Fig. 1. UV-vis absorption spectra Gf(20 uM), 2 (15 uM), and3 (15 uM) in
dichloromethane.

The typical UV-vis absorption spectra hif2, and3 measured
in dichloromethane are shown in Fig. 1.exhibited a major
absorption band at 356 nm, similar to that of DAACompared
with 1, a pronounced red-shift of the peak to 455 nm was
observed foR. As for 3, a peak with rather larger red-shift to 580
nm was obtained, with &1 value of 224 nm compared with that
of 1. These red shifts should be caused by the inttomuof
electron-donating group (N,N-dimethylamino) and/dec&on-
withdrawing group (nitro) to 1, which induces marked
intramolecular charge transfer and tunes the eledransitions
of 2and3.

g2.3. UV-vis absorption titration studies
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Fig. 2. UV-vis titration spectra of (20 M) upon increasing addition of TFA
(a) 0.0 to 6.0 equivalents; (b) large excess edpits, and the gray line in (b)
was recorded upon the subsequent addition of TEA ifiket of (a) shows:
the absorption values at 392 nmusus equivalents of TFA.



UV-vis absorption titration, a common method for (a

N—"

investigation of the halochromic behaviours of oiga 0.60 E L L '
chromophore>**was used to monitor the protonation processes : X -
of 1, 2, and 3 in dichloromethane upon the addition of 045] I i /
trifluoroacetic acid (TFA) as the proton donor. 3 l 2
C
With the increasing addition of TFA, the intensitlyasiginal g 030} “Equiv.of TPA
peak ofl at 356 nm was slowly decreased with the emerging of a 3 b od o S e
new peak around 392 nm (Fig. 2a). The isobestict@iB67 nm Q o
further proved the protonation processlofrhe absorption value < 0.15 g b
at 392 nm was plottedersus the equivalents of TFA (inset of L ; A S g
Fig. 2a), which exhibited a linear relationship up 1.4 0.00} - ; . ) . et
equivalent of TFA, implying that_about 1.4 equivdlerfi _'I_'FA 300 400 500 600 700 800 900 1000
was needed for th_e one _protonatlonloﬂ'he excess add|t_|on of Wavelength (nm)
TFA afterwards did not induce any other new absomppeak (b) =
(Fig. 2b). Subsequent addition of triethylamine AjEcould 060} = o
neutralize the system back to the pristine stdte ¢ray line in S .
Fig. 2b). In this case, the protonationlgbrobably only need one T .
proton, with slight solution colour change. o 0.45F §-'
O
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(b) E " omom - from (a) 0.0 to 6.0 equivalents s; (b) large exasgsivalents, and the gray
0.8 2 - line in (b) was recorded upon the subsequent atdiaf TEA; and (c) the
% ," solution colour changes & under different equivalents of TFA. The insets
06l _g',.' show: (@) the absorption values at 627 varsus equivalents of TFA and (b)
8 <t 0 5 5 the absorption values at 400 nmnsus equivalents of TFA.
@ Equiv. of TFA (10°)
2 04 —o0ea bleaching of the primary absorptions at 455 nm 286 nm,
3 et respectively. The isobestic point at 477 nm indidathe spectral
2 0.2 \ A e changes of two different species. As the equivalérftFeA was
’ % = increased from 2 to 6, the peak at 515 nm was §lighd-shifted
' et towards 520 nm, with the shape unchanged. The alzonziue
0.0 e\ ” e, R at 515 nm was plottedersus the equivalents of TFA (inset of
300 400 500 600 700 800 Fig. 3a), which exhibited a linear relationship up 1.1
Wavelength (nm) equivalent of TFA, implying that about 1.1 equivdlef TFA
(C) 0.0 20 20000 was needed for one protonation 2f In addition, the solution
-~ €q -5 €q €a colour gradually changed from light yellow to darialp (Fig.
i | ! (&l 3c). However, when TFA was dramatically increased taitets
_ - of equivalents, another two new absorption bands 88arnm
- ; and 380 nm arose (Fig. 3b), together with the colthanging
—_— : = from dark pink to colourlessness (Fig. 3c). Meanashihe peak

. o ) ) » at 515 nm decreased and gradually red-shifted toncme
Fig. 3. UV-vis titration spectra o2 (15uM) upon increasing addition of TFA broadened band. Likewise, the isobestic point atr@85proved
from (a) 0.0 to 6.0 equivalents; (b) large exceps\walents, and the gray line the coexistence of the initially formed species ahe newly
in (b) was recorded upon the subsequent additidrE#f, and (c) the solution formed one. There was also a linear increase asTEASS
colour changes d® under different equivalents of TFA. The insetsvsh(@) equivalent was increased from 1000 to 7000 (insefigf 3b).
the abs.orption values at 515 m'ars.us equivalents of TFA and (b) the Upon the continuing addition of TEA, the resultindusion also
absorption values at 383 nrersus equivalents of TFA. could be recovered to neutral state (the gray $imewn in Fig.

) ) . 3b). Thus, different froml, there should be a subsequent
Fig. 3a shows the absorption spectra evolutionZavhen 5 6ionation of2 which is responsive to large equivalents of acid.
TFA was increased from O to 6 equivalents. Upon tre@lwpl |, this context? is a double-protonated stimuli response: the first
addition of TFA, a new absorption was formed at ar&stinm.  qionation is responsive to small equivalents ofd,athe
The increasing of this absorption was accompanieldl thé subsequent one is responsive to large equivalémisic



We also studied the UV-vis absorption propertie? afnder
different addition of trifluoromethanesulfonic ac{étig. S4). It
shows that maximunabsorption peaks o2 under 1.0 and 5.0
equivalents trifluoromethanesulfonic acid are inodjoagreement

with the results of2 in the presence of 1.5 and thousands of

equivalents of TFA, respectively.

UV-vis titration results for3 are displayed in Fig. 4, which
show similar results when compared with thos&.dfhere was a
new absorption at 627 nm and an isobestic poiB®@tnm while
the TFA was increased from 0 to 6 equivalents (F&). Zhe
absorption value at 627 nm was plottedsus the equivalents of
TFA (inset of Fig. 4a), which exhibited a linearaténship up to
2 equivalents of TFA, implying that about 2 equiveteof TFA
was needed for one protonation®fAs addition of TFA was up
to thousands of equivalents, the main peak aroud@ ®m
gradually decreased and shifted towards 680 nmthegavith
the emerging of a new peak at 400 nm (isobestict poid32 nm,
shown in Fig. 4b). Another linear relationship frord06 to
40000 equivalents of TFA for the absorption valued@0 nm
was shown in the inset of Fig. 4b. Besides, the madiaf TEA
could induce the regaining of the neutBalthe gray line shown
in Fig. 4b), indicating the reversible protonatideprotonation
processes foB. Different from 2, the solution colour changed
from light violet to blue and finally to colourlessss (Fig. 4c).
Thus, the influence caused by protons 3itis also a double-
protonation course: the first protonation is respom to small
equivalents of acid, the subsequent one is resportsi large
equivalents of acid.

2.4. *H NMR titration studies

To further confirm the results from UV-vis titratiotd NMR
titration, another useful way for the research aftgmation®’®
was also carried out to study the protonation behasiofl, 2,
and3. For both2 and3, the'H signals associated with the methyl
moieties of N,N-dimethylamino phenyl groups were ato
unchanged, indicating that the protons from TFA mhd bind to
the nitrogen atoms of the animo group, implying hreding of
the protons with the nitrogen atoms in the DAA ringg. B
shows the partialH NMR titration spectra of, 2, and3 upon
different addition of TFA from 0 to 6 equivalentsoi@pared
with the original signals, th#H NMR spectra of the protonated
ones all corresponded to symmetrical species (5jg.which
suggested a fast exchange of the proton bindingdwet the two
diazaazulene nitrogen atoriis.

As for 1, the large shifts in the spectra were observed i
addition of 1.5 equivalents of TFA as shown in Fig. Fhe
signals of protons in the seven-membered ring éedubsimilar
downfield shifts, and the signals of protons in gteenyl ring
showed only slight shifts. For the signal of protbigd), an
upfield shift was observed, while for the signal$i¢é) and H(f),
downfield shifts were observed. However, when TFA
concentration was above 1.5 equivalents, the signélshe
protons H(a), H(b), H(e) and H(f) displayed a slightvdéield
shift, and the signals of the protons H(c) behavstight upfield
shift. Still, H(d) presented a more influenced shiifan others,
indicating that signal of H(d) for the protonatedecies was
much easier to be affected by the solvent polafibhe chemical
shifts of all the protons were plotted along with dggiivalents of
TFA (Fig. S1). The linear relationships were obsérwhen the
concentrations of TFA were from 0 to 1.5 equivalestggesting
that about 1.5 equivalents of TFA were needed tazeedhe
protonation ofl, which agreed well with the UV-vis titration
results.
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Fig. 5. Partial'H NMR titration spectra upon addition of TFA fromt® 6
equivalents for (&}, (b) 2, and (c)3, respectively (CDGlas solvent).

Equally, 'H NMR protonation results a? are shown in Fig.
5b. Upon protonation, the signals of protons H(aj &{b) in
seven-membered ring showed similar downfield shifisereas
that of proton H(d) exhibited an upfield shift. Iddition, signal
of proton H(c), which was in a smaller distance fréw nhitrogen
atom of the conjugated ring, displayed a downfidlitsto
upfield-shift behaviour, while signal of proton H(emained
nearly unchanged. The chemical shifts of labeleatoms in2



were plottedversus TFA equivalent (Fig. S2), which exhibited
linear relationships under the TFA equivalent rang®-1.2, in
agreement with the first protonation course of thebtained
from UV-vis protonation titration results.

The 'H NMR results of2 under addition of 1.0 and 5.0
equivalents trifluoromethanesulfonic acid were alsalied (Fig.
6). It can be seen that, signals 2fin 1.0 equivalent
trifluoromethanesulfonic acid are similar to those2 in 1.5
equivalent trifluoroacetic acid, while signals af performed
downwards shifting in 5.0 equivalents trifluorometasmlfonic
acid, indicating that the second protonation shaddur. The
signals of protons in 5.0 equivalents trifluoromagthsulfonic
acid are broad due to the poor solubility of ZHCRSO; in
chloroform.

TFMS CDCl,

[\& d il
y, w\,‘/b\ a A e/\ .J 2H*2 (21in 5.0 eq TFMS) f] e
¢ d| bj,a l le H*2 (2in 1.0 eq TFMS) fyi
c”d b |U a l_ﬂe 2 (neutral state) fl

T T T T T T 1

9 8 7§ 6 5 4 ppm

Fig. 6. Partial’™H NMR results of compoun@ in neutral and protonated
states. (TFMS: trifluoromethanesulfonic acid, CP€lused as the solvent)

For 3, signals for each proton behaved relatively l¢msmical
shifts compared with those @fand2 (Fig. 5¢). The addition of
TFA initially induced downfield shifting for signalsf H(b),
H(c), and H(e), respectively. Later, signals for pnst H(c) and
H(d) exhibited an upfield shifting, while H(b) conted a
downfield shifting and H(e) shifted little. The cheli shifts of
labeled protons i3 were also plottedersus equivalents of TFA
(Fig. S3). Although there was no obvious linear refethip
observed, when the equivalents of TFA were less th@ntRe
chemical shifts for each proton presented relativedgular
changes, implying the completion for the first pration of3,
which was also in coincidence with the UV-vis titrati@sults.

2.5. DFT studies

To further confirm the protonation sites during gretonation
processes forl, 2, and 3, a theoretical study of possible
protonation selection, as well as resulted protahagecies, is
particularly critical. In this context, DFT (dengsitfunction
theory) and TD-DFT (time-dependent density functibeory)
calculations were carried out using the Gaussian divare
suite at the B3LYP/6-31G* levé!.

Usually, to evaluate the protonation sites for oigan
compounds, proton affinity (PA), which is assumed ths
negative of the enthalpy\H) for the B + H — BH" process (B
represents organic compound in geneYai$, essentially critical.
In the meantime, the variation in zero-point vilmatenergies
(ZPE) should be also considered. Thus, PA and ZPE wkr
calculated and analyzed based on the optimized ge@ms
Since nitrogen is demonstrated to be the most ptibte site
upon proton attack in the aromatic nitrogen-coritgn
heterocyclic compound$, only the two nitrogen atoms in the
five-membered ring were considered in the calcutatids the
symmetry ofl is C,, it is reasonable to only consider one
nitrogen atom. While the nitrogen atom of the nigmup in3
will not be considered for protonation, the nitroggom of the
amino group in bot2 and3 should not be neglected. Hence,
only the PA and ZPE values of the two types of ngrogtoms

5
were calculated, and the results are listed in Tab@®, Table
S1 @), and Table S23], respectively.2 is representative and
selected for the detailed analysis.

Tablel

The corrected zero-point vibrational energy (ZPR) @roton affinity (PA)
values calculated using G09 at different site2aind monoprotonated
H*2).

Site§ 2 H*.2

Scaled ZPE PA Scaled ZPE PA

(au) (kcal/mol) (au) (kcal/mol)
N1 0.3036 247.61 - -
N3 0.3036 247.61 0.3166 158.64
N5' 0.3038 223.79 0.3174 161.00

Sites according to Scheme 1.

For 1, its initial protonation should only occur on ookthe
two nitrogen atoms. Accordingly, the subsequent pration on
the other nitrogen atom is very difficult since tR& value is
rather small (Table S1). It means that only montmpration
would occur in one of the two nitrogen atoms1ofThis is in
good accordance with the UV-vis titration as wellles"H NMR
titration results.

As for 2 and 3, the possibility of the first protonation on the
amino group must be considered. However, since thedRfe of
the heterocyclic nitrogen atom (N1 or N3) is ratteege than
that of amino nitrogen atom (N5'), it's quite clehat the first
protonation should occur on the one nitrogen atoimthe
diazaazulene ring (Table 1, Table S2). Meanwhilesesithe PA
value of N5' is larger than that of N3 (or N1) for ghebsequent
protonation, the second protonation should occuthenamino
nitrogen atom (N5') for these two molecules (Tabl&dble S2).

-0.0603 [N

’/ j, 'Jf L

W 0. 0603

-0.198 [N

W . 198
Fig. 7. ESP maps for neutrdland its monoprotonated species.

The above conclusion can be observed directly fiitvn
electrostatic potential (ESP) maps as well as firsirprotonated
species (Fig. 7, Fig. S5 and Fig. S6). Clearlyhezfche nitrogen
atoms in the diazaazulene ring is negatively clarfye the
neutral 1, 2, and 3, indicating that the first proton should be
prioritized to bind to one of the diazaazuleneagigm atoms. On
the other hand, as can be seen from the ESP makeof
monoprotonated, 2, and3, since all of the three geometries are
coplanar, the positive charge in the diazaazulénegen atom is
nearly delocalized over the whole molecule, and gbesitive
potentials decrease along with the distance fromptioéonated
nitrogen atom, leading to the further protonatibsite N5' rather
than at N3 (or N1). These results are in well accardanith
Tang’s report®
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Table2
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Summarization of HOMO, LUMO energies and correspogdnaximum absorption bands f2, 3 and their protonated forms.

Parameters 1 H™1 H*-2 2H"-2 3 H*-3 2H"3
Eromo -6.05 -10.03 -5.00 -8.41 -13.82 -5.40 -8.78 -13.40
ELumo® -2.39 -6.69 -2.03 -6.02 -9.13 -3.05 -6.67 -9.69
AEP 3.66 3.34 2.97 2.39 4.69 2.35 2.11 3.71
Jmanim® 359 391 441 516 334 528 571 358
Jradni? 356 390 455 515 383 590 627 400

#Calculated energy values using G09.

® AE = BE.umo — Eromo-
¢Calculated values.
4 Experimental values.

4 4gM4P8

HOMO (-5.00 eV)

9
p-d ,a ;a

),ﬂd w§°:

LUMO (-2.03 eV)

t’bM"’ Lot

H*2 HOMO (-8.41 eV) LUMO (-6.02 eV)
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Fig. 8. Optimized geometries and molecular frontier otbitaf 2 and its
protonated species.

Molecular frontier orbitals based on the optimizgbmetries
of 1, 2, and 3 and their corresponding protonafseties were
calculated (Fig. 8, Fig. S7-S24, and Table S3 tblds11).
Several selected parameters are summarized in Pals can

(oscillator strength 0.3748, Table S10). Theseutaled results
roughly agree with the experimental results and Hheesame
changing tendency.

It was reported that similar to azulene and its wdgines,
DAA is negatively charged in the five-membered rifig.
Considering that the molecules investigated argugated, when
the first protonation occurs on the nitrogen atomthe five-
membered ring, the negative charge will be deloedl|iand the
energy gap between HOMO and LUMO will be lowered. This
will lead to the red shifting of the maximum absapt peak
compared with that of the corresponding neutrakstdbwever,
for 2 or 3, the subsequent protonation takes place on thegeit
atom of amino group, which is an electron donor fre t
conjugated molecule. Clearly, this binding of protwill largely
reduce the electron donating effect, resultingkthe shifting of
the maximum absorption of eith@ror 3 compared with that of
the corresponding neutral species.

2.6. Charge distribution analysis

be seen, both HOMO and LUMO energy levels for H+-1

(monoprotonated 1),
(monoprotonated 3) are lowered. As for H+-1, the g@negap is
decreased from 3.66 eV (neutral 1) to 3.34 eV. Thgekt
oscillator strength 0.420 of H+-1 is attributed hie transition of

H+-2 (monoprotonated 2) and H+-3 The NBO (natural bond orbital) value of an atom in a

molecule is representative of the charge defisithe calculated
NBO values are listed in Table 3. The NBO value of N1N3)
is in the order o2 = 1 > 3. This result agrees well with the

S0 — S2, with a maximum wavelength of 391 nm (Table S6)experimental results of the UV-vis afid NMR titration, which

This agrees well with the UV-vis absorption experimaéntsults.

In view of the optimized geometries and electrotiactures
of H-2 and 2H-2 (diprotonated?2), monoprotonation o0f2
significantly narrows the energy gap from 2.97 eVu(red 2) to
2.39 eV (Table 2), corresponding to the maximum giigm
wavelength of 516 nm (oscillator strength 0.4575bl&aS7).
This is partially resulted from the LUMO energy distition,
which is better delocalized over the whole conjugatgstem.
However, diprotonation o2 obviously leads to a more lowered
HOMO energy level, resulting in an increased energyajat.69
eV, corresponding to a maximum absorption waveleo§tB34
nm (oscillator strength 0.4287, Table S8). The Waled results
fit well with the UV-vis absorption experimental reslwhich
are mainly attributed to the decreased intramo&cuharge

shows the increasing need of 1.2, 1.4, and 2.0 abprits of TFA
for the first protonation o2, 1, and3, respectively. It seems that
the electron-donating group of amino in the pherigh can
enhance the electronegativity of the five-memberiad in 2,
even though the enhancement is not strong enougtake a big
difference compared with that df. However, the electron-
accepting group of nitro in the seven-membered dag really
reduce a great deal of the electronegativity offtbemembered
ring in 3, making it the hardest for the first protonatiancag
the three molecules. Similarly, the NBO value of N6'2 is
larger than that o8, also in good accordance with the UV-vis
titration results. Again, the electron-acceptingugraf nitro in
the seven-membered ring has big influence in redudhe
electronegativity of the five-membered ring.

transfer as can be seen from the HOMO and LUMO chargr|—_\ab|83

distribution (Fig. 8).

Similarly, the calculation results of the optimizgdometries

and electronic structures of 13 indicate that the energy gap is

narrowed from 2.35 eV (neutrad) to 2.11 eV (Table 2),
corresponding to the maximum absorption waveleng&va nm
(oscillator strength 0.5988, Table S9). The comesing results
of 2H"-3 (diprotonated, Fig. S8) show a more lowered HOMO
energy level, resulting in an increased energy giap.71 eV,
corresponding to a maximum absorption wavelengtB5& nm

The calculated NBO values of nitrogen atomslfd?, and3.

Site$ 1 2 3

N1 -0.512 -0.514 -0.507
N3 -0.512 -0.514 -0.507
N5' -0.430 -0.419

2Sites according to Scheme 1.

2.7. Molecular geometries



Table4

Optimized geometry parameters fand protonated.

Molecules Bond length Angle Dihedral
(angstrom) (degree) (degree)
Ca-N1 N1-C2 C2-C1' cCa- N1-C2- N1-C2-
N1-C2 N3 c1-c2
2 1.34 1.36 1.45 103.9 116.0 -0.09
H*-2 1.37 1.39 1.43 109.2 110.1 -0.03
2H"2 1.37 1.38 1.47 108.4 1115 -0.05
AL? 0.03 0.03 -0.02 53 -5.9 0.06
A2 0.03 0.02 0.02 45 -4.5 0.04
2A1=H"2-2.
P A2=2H"2-2.

The selected optimized geometry parameterd,d?, 3 and
their protonated derivatives are listed in Tabl@y Table S11
(1), and Table S123j, respectively.2 is also selected for the

7

of protonatedl and3 were not obtained. It is possible that the
changes in molecular polarity lead to a differenae
crystallization.

2.9. Protonation mechanism
NN o 14eq N "
‘7 & 2 i* CF3COOH (/ [ A\
<\—:/<N \_> TEN QN>—©
1 H1
B 12eq, i thousands of eq. __ h
NN = Ficoon [N\, = Y =
J \_/ / CFCOOH /7 R N,/ CFCOOH 7/ N/ 7/
<, /f\N>4\\ %N\ Tew «v,,/‘\r?{\ 7N Tem <,/1N \ /} W
2

H*2 2H*2

H thor

H
20eq . thousands of eq. e i
on /\/ Ny N\>_<i>>N/ CFiCOOH /] N @N/ SFcooH N =\ ol
TALASY L7 N\ Ten S Y N\ en (VA WA
3

H3 2H3

Scheme 3. Proposed protonation mechanismd,d, and3.

According to the UV-vis titrationH NMR titration, and the
theoretical calculation results, the protonatiorchamisms ofl, 2,
and 3 could be proposed as shown in Schemel Xept its
coplanar and 1G-conjugated structure during its sole
monoprotonation2 and3 both went a two-step protonation with

explanation. Fo and its protonated ones, the dihedral angles ofyjr coplanarity and 16-conjugated structure sustained. Hence,

N1-C2-C1'-C2' which determine the planarity of thazdiazulene
ring and the phenyl ring are between 0.06 to -0.@8ficating

the diazaazulene part and the phenyl part is capléor either
the neutral2 or the two protonate@. Meanwhile, the bond

it could be summarized that 2-phenyl-1,3-diazaamilés a
special backbone, which is planar amdconjugated over the
whole skeleton, and it could always keep its copianand
conjugated skeleton during protonation, differemanf many

lengths of @-N1, N1-C2, as well as C2-C1' changed less thar}eported structure@’

0.03 angstrom, and the angles ofi-N1-C2 and N1-C2-N3

exhibitedA values less than 5.9°. Very similar results were als 3. Conclusion

obtained for those of and3 (Table S11-S12). Thus, it can be

concluded that either monoprotonation or diprotmmabf 1, 2,
and3 has little influence on their molecular skelet@ometries,
indicating that the coplanar and #&onjugated structure
changed little during protonation. It is mainly bese that during
the protonation, the hybridization of the protodatéazaazulene-
nitrogen atom changed from’sfp sp, inducing a smaller twist
between rings and keeping its coplanarity as well aas
unaffected conjugation structure.

2.8. Sngle crystal structure of monoprotonated 2

Fle
b F2

WH3

Fig. 9. Single crystal molecular structure of monoprotedat

The molecular structure of F2-CRCOO is illustrated as
Oak Ridge Thermal Elliposoid Plot (ORTEP) diagrantig. 9.
The crystal data of H2-CRCOO are listed in the supporting
information (Table S13 and Table S14). Single alyst-ray
result indicates that one proton is attached tattregen atom of
the diazaazulene ring, forming a hydrogen bond (N2—H22,
with a distance of 2.683 A). The molecular structwg

In summary, three DAA derivatived, 2, and 3 were
synthesized and their protonation behaviours andham@sms
towards TFA were investigated systematicalia UV-vis
titration, and'H NMR titration experiments, as well as theoretical
calculations. As supposed, 2, and 3 all displayed an initial
nitrogen-protonation (nitrogen of the diazaazulgng) response
to the TFA stimulus, resulting in a less tendencyveaken the
conjugation degree of the molecular skeleton coetpaiith their
azulene-based analogues. Besides, btland 3 performed
further subsequent protonation responses at thegeit atom of
the amino group to the large amount of TFA up tautiamds of
equivalents. During the initial protonation procett®g HOMO-
LUMO energy gaps were narrowed. However, the subsequent
protonation of eithe2 or 3 induced great increase of HOMO-
LUMO energy gaps, conducing to the bleaching of tlewed
solutions. Notably, upon protonation, the molecutectronic
structures ofl, 2, and3 were finely tuned, while the molecular
coplanarity and 16 conjugation were sustained, which is
different from many reported chromophores. Furtlesearch is
undertaken for the response properties of fiimsethasn these
structures, which might show promising prospects hientical
sensors and optoelectronic materials.

4, Experimental section
4.1. Materials

All reagents were purchased frai&K (China) and used as
received unless other mentioned. Trifluoroaceti §89.5%)
was purchased from Sigma-Aldrich. Dichloromethane dispe
grade) was purchased fral&K (China) for UV-vis experiments.
All reagents were weighed and handled in room temperat
Flash column chromatography was performed overasitiel

H*.2. CRCOO shows that the diazaazulene ring and the benzen200-300. All the compounds were purified by flash ucwh

ring are almost coplanar with a dihedral angle & @)° (the
torsion angle for N2—C8—C9—C14), implying thatkept its
16-t-conjugated and coplanar structure during protonati
However, although a lot of solvents have been ttieel crystals

chromatography and characterized by NMR, *C NMR, and
HRMS, respectively (Please see Supporting Informgtio

4.2. Instrumentation
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'H NMR spectra were recorded on Bruker 400 or 600 MHz< 1 cm quartz cuvette. After each addition, the tmiuwas

and the chemical shifts were reported in parts p#fom (0)
relative to the internal solvent signals (7.26 pimmCDCl, and
2.50 ppm for DMSQds). *C NMR spectra were obtained at
Bruker 100 or 150 MHz and referenced to the intesmdVent
signals (central peak 77.0 ppm for CQCIThe peak patterns are
indicated as follows: s, singlet; d, doublet; ddulblet of doublet;
t, triplet; g, quartet; m, multiplet. The couplir@pnstants are
reported in Hertz (Hz). APEX Il (Bruker Inc.) was uded ESI-
MS.

UV-vis absorption spectra were recorded on Varian Géry
UV-vis spectrophotometer with dichloromethane asesalv

mixed well and then the UV-vis absorption spectrum was
measured. (c) 5, 8, 12, 20, 30, andhOof TFA (15000 M in
dichloromethane) was added successively to 3 n8 (&6 uM in
dichloromethane) in a 1 cm x 1 cm quartz cuvettderAéach
addition, the solution was mixed well and then the Wik/-
absorption spectrum was measured.

4.6. Solution preparation for *H NMR titration studies

Titration of 1 and2: 0, 2.5, 5.0, 7.5, 10, 15, 20, 25, 30, 40, 50,
and 60uL of TFA (5000 M in CDC}) was added successively to
600puL of 1 or2 (50.0 mM in CDCJ) in a NMR test tube. After
each addition, the solution was mixed well and thertii NMR

'H NMR protonation titration spectra were recorded Onspectrum was measured.

Bruker 400 MHz with CDGlas solvent.
4.3. 2-Phenyl-1,3-diazaazulene (1)

Benzamidine hydrochloride (235 mg,
dissolved in 40 mL of anhydrous ethanol and stirfed 5
minutes. Then 2-methoxy tropone (136 mg, 1.0 mmwal added
in, followed by the addition afBuOK (168 mg, 1.5 mmol). The
resulting mixture was refluxed for 3 hours. The salvwas
removed, and a white solid was obtained which was stduje€o
flash column chromatography on silica gel with JOH: CH,CI,/
1:50 as eluents. After removing of the solvent, iiif of white
powder was obtained. Yield: 78.1%H NMR (600 MHz,
CDCly): 6 8.82 (d, J = 10.0 Hz, 2H), 8.67-8.62 (m, 2H), 8.07 (t
= 9.8 Hz, 2H), 8.01 (t, J = 9.7 Hz, 1H), 7.57-7.52 @H); **C
NMR (150 MHz, CDC)): ¢ 176.84, 164.00, 137.46, 134.22,
133.08, 131.56, 129.47, 128.83, 77.21, 77.00, 76HRMS
(ESI): caled for GHi:N,, iz 207.0917 [M+H]; found, nmvz
207.0915.

4.4, 2-(P-N,N-dimethylaminophenyl)-1,3-diazaazulene (2)

4-N,N-dimethylaminno-benzamidine hydrochloride (298, m
1.5 mmol) was dissolved in 40 mL of anhydrous ethamal
stirred for 5 minutes. Then 2-methoxy tropone (I8, 1.0
mmol) was added in, followed by the additiontéBuOK (168
mg, 1.5 mmol). The resulting mixture was refluxed 3ohours.
The crude product was subjected to flash
chromatography on silica gel withkhexane: ethyl acetate/ 5:1 as
eluents. After removing of the solvent, 174 mg efl powder
was obtained. Yield: 70.0%H NMR (400 MHz, DMSO#dg): &
8.62 (d, J = 9.7 Hz, 2H), 8.38 (d, J = 8.9 Hz, 2H)9810J = 9.5
Hz, 2H), 8.00 (t, J = 9.8 Hz, 1H), 6.86 (d, J = 9.0 B#), 3.06
(s, 6H);**C NMR (150 MHz, CDG)): § 177.32, 164.40, 152.79,
135.22, 134.09, 131.64, 131.18, 120.42, 111.7928{777.06,
76.85, 40.11; HRMS (ESI): calcd for,dEl;¢Ns, m/z 250.1339
[M+H™]; found, m/z 250.1326.

4.5, Solution preparation for UV-vistitration studies

Titration by 0 — 6 equivalents of TFA: 0, 2, 4, 6,18, 12, 14,
16, 18, 20, 25, 30, 35, 40, 50, and0of TFA (2.0 M forl, 1.5

M for 2 and3, all in dichloromethane) was added successively td-1-

3 mL of each compound (20 M fdar 15 uM for 2 and3, all in

dichloromethane) in a 1 cm x 1 cm quartz cuvettderAéach
addition, the solution was mixed well and then the Wik/-
absorption spectrum was measured.

Titration by large equivalents, of TFA: (a) 5, 16deb0uL of
TFA (2000 M in dichloromethane) was added succelsige3

mL of 1 (20 uM in dichloromethane) in a 1 cm x 1 cm quartz

cuvette. After each addition, the solution was mixesll and
then the UV-vis absorption spectrum was measure®,(®) 4, 6,

1.5 mmol) was

columm-

Titration of 3: 0, 2.5, 5.0, 7.5, 10, 15, 20, 25, 30, 40, 50, and
60 puL of TFA (2000 M in CDCY) was added successively to 600
pL of 3 (20.0 mM in CDC)) in a NMR test tube. After each
addition, the solution was mixed well and then the NMR
spectrum was measured.

4.7. DFT calculation

All calculations were carried out using the Gaussi& 0
quantum chemistry program packd§®FT calculations on the
geometries optimization and TD-DFT calculationsed@ctronic
structures were both performed at B3LYP/6-31G* lewl the
singlet ground states (gas phase). The zero-pdbrational
energies (ZPE) were scaled according to Wong (0)3804
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