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organometallic complex and metal organic 
framework (MOF) for sensors or as cata-
lysts. [ 3 ]  The coordination between the 
carboxylic acid groups with metal ions [ 4 ]  
and the inter/intramolecular hydrogen-
bonding interactions of carboxylic acid 
groups [ 5 ]  can be determined simply by 
monitoring the change in their optical 
spectra. 

 Squarylium dyes have been widely used 
due to their high absorbance and emission 
effi ciency in visible and/or near infrared 
regions. [ 6 ]  Squarylium cyanine (SCy) dyes 
containing carboxylic acid group have also 
been thoroughly investigated for diverse 
applications. For example, Nazeeruddin 
and co-workers introduced carboxylic acid 
groups into the indoline moiety of SCy 
dye and used the modifi ed SCy dye as 
an anchor for TiO 2  toward dye-sensitized 
solar cells. [ 7 ]  It is believed that the carbox-
ylic acid group can signifi cantly affect the 
aggregation behaviors of SCy dyes. How-
ever, to the best of our knowledge, the 

detailed aggregation behaviors of SCy dyes caused by carboxylic 
acid groups as well as their related optical/luminescent proper-
ties have not been reported. Additionally, the aggregated types 
of  H -aggregation or  J -aggregation could highly affect the perfor-
mance of the functional materials. Interestingly, some research 
groups have found that the  H -aggregation and  J -aggregation 
can be transformed by adding small molecules or changing the 
environment. [ 8 ]  This transformation can signifi cantly change 
the optical spectra of aggregates and cause fl uorescence emis-
sion or quenching. 

 In the present work, SCy derivatives were prepared by 
introducing different numbers of carboxylic acid groups to 
the conjugated indoline moiety and/or the terminal group 
of alkylating agent ( Scheme    1  ,  D1  and  D2 ). The infl uence of 
carboxylic acid group on the self-assembling behavior of the 
SCy dyes was investigated with scanning electron microscopy 
(SEM), 2D nuclear magnetic resonance (NMR), X-ray dif-
fraction (XRD), and Fourier transformation infrared (FTIR) 
spectroscopy. The results indicate that carboxylic acid groups 
affect the self-assembling behavior of SCy dyes due to the 
formation of different hydrogen bonds. The morphologies 
of the SCy micro/nanoparticles can be tuned by adjusting its 
solution concentrations. The unique architectures of  D1  and 
 D2  can be attributed to the hydrogen-bonding interactions 
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  1.     Introduction 

 In the past fi ve decades, molecular self-assembly has received 
considerable attentions because it can promote the transfor-
mation from disorder to order in nature and provide an effi -
cient and convenient “bottom up” means for the fabrication of 
molecular micro/nanostructures. [ 1 ]  Among all self-assembly 
units, carboxylic acid group has been particularly studied due 
to its high reactivity and intriguing noncovalent inter/intra-
molecular hydrogen-bonding capability and coordination with 
metals. [ 2 ]  For example, organic dyes containing carboxylic acid 
groups have been prepared as building blocks to construct 
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between the carboxylic acid groups and π–π stacking of the 
conjugated SCy dyes ( Scheme    2   and Scheme S1, Supporting 
Information). Interestingly, the  D1  aggregates in the solid 
state showed a reversible selective response to ammonia gas 
by monitoring the change in its UV–vis absorption spec-
trum. It can be explained that the ammonia broke the car-
boxylic acid dimers, leading to the relative sliding between 
 D1  molecules. The aggregation state of  D1  was then revers-
ibly transformed between  H -aggregation and  J -aggregation 
upon the absorption/desorption of ammonia gas. Our work 
provides a platform for the investigation of the infl uence of 
carboxylic acid group on the self-assembling behavior of SCy 
dyes as well as a promising optical sensor for ammonia gas 
detection.    

  2.     Results and Discussion 

 SCy dyes bearing four and two carboxylic acid groups ( D1  and 
 D2 ) were prepared.  D1  containing four carboxylic acid groups 
on the horizontal direction showed strong hydrogen-bonding 
tendency. While,  D2  bearing two carboxylic acid groups and 
two bromine groups exhibited lower hydrogen-bonding ability 
than  D1 . Their concentration-dependent UV–vis absorption 
and fl uorescence emission spectra in  N , N′ -dimethylformamide 
(DMF) solution were determined ( Figure    1   A  and Figure S1A, 
Supporting Information). The maximum absorbance and fl uo-
rescence emission of  D1  or  D2  solution (1 × 10 −6   M ) were found 
at 637 and 647 nm, respectively. As the concentration increased 
from 1 × 10 −6  to 10 × 10 −6   M , a new redshifted emission peak 
appeared at ≈715 nm. The redshift of the emission peaks can 
be attributed to the  J -aggregations of  D1  and  D2  at high concen-
tration. [ 9 ]  Figure  1 B and Figure S1B (Supporting Information) 
show the corresponding UV–vis absorption and fl uorescence 
emission spectra of  D1  and  D2 , respectively, after the solvent 
was evaporated. Compared with their absorbance in solution, 
the absorbances of both  D1  and  D2  in the solid state were sig-
nifi cantly redshifted. In addition, their fl uorescence emissions 
at 715 nm were dramatically increased, which was attributed to 
their new aggregation state. These results indicate that the SCy 
dyes tend to form  J -aggregation at high concentration and the 
carboxylic acid groups on SCy dyes have no signifi cant effect on 
their optical properties.  

 To investigate the infl uence of carboxylic acid group on 
the self-assembling behavior of SCy dyes, the morphologies 
of SCy dyes in the solid state were imaged with SEM and 
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 Scheme 1.    The structures of squarylium cyanine bearing four ( D1 ) and 
two ( D2 ) carboxylic acid groups.

 Scheme 2.    The mechanism of concentration-dependent self-assembly of SCy dyes in the solid state for selective ammonia gas sensing.
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high-resolution transmission electron microscopy (HRTEM) 
after the solvent was evaporated. The dyes showed a concen-
tration-dependent aggregation characteristic. A uniform rod-
like structure of  D1  with a width of 110 nm was formed in its 
10 × 10 −6   M  DMF solution and microsheets with the widths 
of 2.5–3 µm were obtained as the concentration increased to 
1 × 10 −3   M  ( Figure    2  A,B). The microparticles of  D2  formed at 
10 × 10 −6   M  were nanospheres with sizes of 50–70 nm, which 
were changed into ellipsoids with the length of ≈1 µm as the 
concentration increased to 1 × 10 −3   M  (Figure  2 C,D). These 
results indicate that the number and position of carboxylic acid 
groups play an important role in the self-assembly of SCy dyes.  

 The fi ne structures of  D1  and  D2  aggregated nanoparticles 
in the solid state were also revealed by HRTEM ( Figure    3  ). 
Nanorods were observed in  D1  solution with the concentration 
of 10 × 10 −6   M  (Figure  3 A), and nanospheres were found in  D2  
solution with the concentration of 100 × 10  −6   M  (Figure  3 B). 
Both nanostructures displayed high-resolution lattice fringes 
(inset in Figure  3 ), indicating the occurrence of highly ori-
ented self-assembly in the long-axis direction. 
The crystalline interplanar spacings for the 
nanorod and nanosphere were estimated as 
0.39 and 0.18 nm, respectively. To confi rm 
the oriented micro/nanostructures of  D1  
and  D2 , their anisotropies were determined 
with polarizing optical microscopy (POM) 
( Figure    4  ). The fl uorescence intensities of 
both microsheets (Figure  4 a1,a2) and micro-
ellipsoids (Figure  4 b1,b2) were changed sig-
nifi cantly after a defl ection of 45°, indicating 
the highly oriented crystalline structures of 
both  D1  and  D2  micro/nanoaggregates.   

 We hypothesized that the carboxylic acid 
group and π–π stacking synergistically con-
tributed to the diverse morphologies of the 
aggregates of SCy dyes. The aggregation of 
SCy dyes can then be further investigated 
by 2D NMR since the protons separated 
from each other have a spatial distance less 
than 0.5 nm and lead to a cross-peak in 
their rotating-frame Overhauser effect spec-
troscopy (ROESY) NMR spectra. [ 10 ]  Well 
separated and sharp peaks of SCy dyes were 
observed in the  1 H NMR spectra of both 
 D1  and  D2  (Figures S2 and S3, Supporting 

Information), which is an ideal model for investigating the 
aggregation process. The cross-peaks of H9 with H2, H7 with 
H6 and H9, and H8 with H5 and H6 were observed in the 
ROESY NMR spctrum of  D1  ( Figure    5  A). As discussed above, 
the protons in the SCy dyes are well separated from each other. 
The cross-peaks can be attributed to the intermolecular inter-
actions between the neighboring SCy molecule and the π–π 
stacking is the driving force to form the aggregation in close 
proximity. [ 11 ]  Similar conclusion was obtained from the 2D 
NMR analysis of  D2  (Figure  5 B). It is noted that the proton in 
carboxylic acid group is highly active, and thus no cross-peak of 
intermolecular hydrogen bonds was observed.  

  Figure    6   and Figure S4 (Supporting Information) are the FTIR 
spectra of  D1  and  D2  in the selected and whole ranges, respec-
tively. It has been reported that the maximum absorption of free 
C O stretching of both carboxylic acids and squaric acids is at 
≈1735 cm −1 . [ 12 ]  No peak was observed at ≈1735 cm −1  in either of the 
spectra of  D1  or  D2 , indicating the occurrence of the interaction 
between the carbonyl groups. The characteristic vibration bands 
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 Figure 1.    A) Concentration-dependent UV–vis absorption and fl uorescence emission spectra of  D1  in DMF solution at the concentrations of 1 × 10 −6 , 
5 × 10 −6 , and 10 × 10 −6   M . B) UV–vis absorption and fl uorescence emission spectra of  D1  after DMF was evaporated.

 Figure 2.    Concentration-dependent morphologies of A,B)  D1  and C,D)  D2 . The SEM imaging 
was conducted by evaporating the A,C) 1 × 10 −3   M  and B,D) 10 × 10 −6   M  DMF solutions on a 
glass slide. The insets in (A) and (C) are the amplifi ed images of selected particles.
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for the hydrogen bond between the two carbox-
ylic acids of the dimer, OH stretching and car-
bonyl stretching were observed at 2628, 2504, 
and 1679 cm −1 , respectively, in the spectrum of 
 D1 . [ 13 ]  Another charateristic vibration band at 
≈1703 cm −1  can be assigned to the stretching 
vibration of the hydrogen-bonded carbonyl 
group between the carboxylic acid groups and 
the carbonyl group of squaric acid. [ 14 ]  The 
charateristic vibration band of the carbonyl 
group of  D2  was observed at 1703 cm −1 , indi-
cating that the hydrogen bonding between the 
carboxylic acid and squaric acid contributed to 
the aggregation of  D2 .  

 To confi rm the hydrogen bonding in/
between SCy dyes, sodium carboxylate of  D1  
was prepared (denoted as  D3 ) and character-
ized with FTIR. The characteristic vibration 
band of carboxylate group of  D3  appeared 
at 1555 cm −1  and the characteristic vibra-
tion bands of the carbonyl group involved 
in hydrogen bonding at 1703 and 1679 cm −1  
disappeard (Figure S5, Supporting Infor-
mation). The characteristic vibration bands 
of carbonyl group of squaric acid shifted 
to 1713 cm −1  due to the released carbonyl 
groups from the hydrogen bonds. The results 
from FTIR and ROESY NMR spectra demon-
strate that both hydrogen bonding and π–π 
stacking contribute to the self-assembly of 
SCy dyes. The hydrogen bondings in  D1  and 
 D2  lead to the the distinct  J -aggregation. 

 Next, powder XRD was conducted on both 
 D1  and  D2  to explore their self-assembly 
mechanism. With the aid of structural 
solving and refi nement, [ 15 ]  all refl ection 
peaks of the as-obtained  D1  and  D2  were 
simulated and indexed to a triclinic lattice 
( Figure    7  A,B). The simulated refl ection peaks 

of both  D1  and  D2  are well consistent with 
the experimental results, indicating that the 
simulated structures fi t well with the experi-
mental structures of  D1  and  D2  aggregates. 
The typical molecular geometries of  D1  and 
 D2  consisting of four molecular units are 
shown in Figure  7 C,D, respectively.  

 Two hydrogen-bonding interactions 
were found in  D1 , including the hydrogen 
bonding between the carboxylic acids in the 
dimer with a distance of 0.2 nm and that 
between carboxylic acid group and the car-
bonyl group of squaric acid with a distance 
of 0.425 nm. In contrast, only one type of 
hydrogen bonding was found in  D2 , which 
was formed between the carboxylic acid 
group and the carbonyl group of squaric acid 
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 Figure 3.    HRTEM micrographs of A)  D1  and B)  D2  aggregates. The top left insets are the 
partially enlarged views of the frame selected area. The bottom right insets are the diffrac-
tion patterns of selected area. The concentrations of  D1  and  D2  solutions were 10 × 10 −6  and 
100 × 10 −6   M , respectively.

 Figure 4.    POM images of A,a 1 ,a 2 )  D1  and B,b 1 ,b 2 )  D2 . a 1 ,a 2 ) Partially enlarged views of the 
selected area in (A). b 1 ,b 2 ) Partially enlarged views of the selected area in (B). (a 2 ) and (b 2 ) are 
the corresponding visions of 45° defl ection of (a 1 ) and (b 1 ), respectively.
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with two distances of 0.298 and 0.344 nm. The modeling result 
demonstrates that both  D1  and  D2  feature  trans -form π–π 
stacking in the  J -aggregation, and different hydrogen bonds are 
formed during the self-assembly, consistent with the results of 
2D NMR spectra and FTIR analyses as described above. 

 The detection of basic gases, especially with the widely used 
ammonia gas, on a small quantities are important for studying 
the air pollution owing to the harmful basic gases. The reported 
ammonia gas sensor are mostly based on the MOF or hybrid 
structures and their processes are relatively complex. [ 16 ]  Gener-
ally, basic gas can be selectively absorbed on the self-assembled 
structures constructed by the hydrogen bonding of carboxylic 
acid groups via electrostatic interaction, resulting in alternated 
electronic structures. [ 17 ]  Here, we checked the changes of the 
UV–vis absorption spectra of  D1  and  D2  in the solid state 
upon the treatments with different basic gases. As shown in 

 Figure    8  A,  D1  selectively responses to ammonia gas. The max-
imum absorbance of  D1  shifted from 670 to 610 nm with a new 
peak arising at 550 nm upon the treatment with ammonia gas 
and then shifted back to 670 nm with the disapearance of the 
peak at 550 nm after the ammonia adsorbed  D1  was treated 
with HCl gas. The concentration limitation of ammonia gas 
reaches to 60 ppm (Figure S6, Supporting Information). In 
constrast, no change was found in the UV–vis absorption spec-
trum of  D2  when it was treated with ammonia gas. In addi-
tion, neither of  D1  or  D2  showed any response to other basic 
gases including ethanediamine and aniline gas (Figure S7, Sup-
porting Information). The mechanism of the selective response 
of  D1  to ammonia was then invesitgated.  

 As discussed above, the maximum absorption peaks of  D1  
and ammonia adsorbed  D1  were found at 670 and 610 nm, 
which were attributed to  J -aggregation and  H -aggregation, 
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 Figure 5.    ROESY NMR spectra of A)  D1  (c = 10 −3   M ) and B)  D2  (c = 10 −3   M ) in [D 7 ] DMF.
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respectively. [ 18 ]  The tranformation between the aggregation 
states and the selective response to ammonia gas of  D1  in 
the solid state may be highly dependent on the size of the 
basic gase, which has been proved as an important factor for 
the gas adsorption on a solid phase. [ 19 ]  The molecular sizes 
of ammonia, thanediamine, and aniline were calculated as 
≈0.15, ≈0.71, and ≈0.59 nm, respectively ( Figure    9  ).  

 It is clear that the radius of ammonia molecule (0.15 nm) 
is smaller than the distance of the hydrogen bonds of  D1  
(0.2 or 0.425 nm) and can easily enter the hydrogen-bonding 

network. The sizes of ethanediamine and aniline molecules are 
as big as ≈0.71 and 0.59 nm, respectively, which inhibit their 
entering into the hydrogen-bonding network of the aggregated 
 D1 . In addition, as shown in Figure  7 C , D,  D1  network is much 
easier to slide than  D2  network when the hydrogen bonds are 
broken. As a result,  D1  was changed from  J -aggregation to 
 H -aggregation after treated with ammonia gas, while the inter-
laced aggregation state of  D2  remained unchanged upon the 
same treatment. The  H -aggregation of  D1  was switched back 
to  J -aggregation when the hydrogen bonding was reformed by 
neutralizing the ammonia with HCl. These results indicate 
that the molecular self-assembled structures and the size of the 
basic gas endow the specifi c response of  D1  to ammonia gas.  

  3.     Conclusion 

 In summary, SCy dyes ( D1  and  D2 ) containing different num-
bers of carboxylic acid groups were prepared and used to fab-
ricate self-assembled micro/nanostructures. The carboxylic 
acid group can signifi cantly affect the molecular self-assem-
bling behaviors of SCy dyes. Two types of hydrogen bonding, 
including the hydrogen binding between the two carboxylic 
acids in the dimer and that between carboxylic acid and the car-
bonyl group of squaric acid, were formed in/between  D1  that 
bears four carboxylic acid groups. Therefore,  D1  tends to form 
the aggregates of 2D microsheets and 1D nanorods at high and 
low concenrtrations, respectively.  D2  that bears two carboxylic 
acid groups features one type of hydrogen bonding between the 

 Figure 6.    FTIR spectra of  D1  (red) and  D2  (black) in the regions of 3000–
2400 and 1800–1000 cm −1  at room tempurature.

 Figure 7.    A) Experimental and simulated powder XRD profi les of  D1 , B) experimental and simulated powder XRD profi les of  D2 .  D1  and  D2  were 
prepared by recrystallization from their solutions in DMF/H 2 O = 9/1. C,D) are the simulated structures of  D1  and  D2 , respectively.
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carboxylic acid and the carbonyl group of squaric acid and tends 
to aggregate into micro/nanoellipsoids. The XRD structural 
simulation, 2D NMR and FTIR analyses comfi rm our hypoth-
esis that the intermolecular hydrogen bonding and π–π stacking 
are the main driving forces for the aggregations of both  D1  and 
 D2 . Moreover,  D1  in the solid state showed selective reponse to 
ammonia gas due to its unique molecular aggregation and the 
size effect of ammonia molecule. The ammonia molecules can 
easily entered the  D1  aggregates due to their smaller size than 
the space of hydrogen-bonding network in  D1 , which breaks the 
hydrogen-bonding network and leads to the relative slide of  D1  
molecules. The aggregated  D1  is then transferred from  J -aggre-
gation to  H -aggreation. The hydrogen bonds and  J -aggregation 
in  D1  can be easily recovered by the treatment with HCl gas. 
This unique property of  D1  makes it a promising candidate as 
reversible optical sensing material for ammonia gas.  

  4.     Experimental Section 

  Materials and Methods : 4-Hydrazinobenzoic acid hydrochlorid (97%), 
4-bromophenylhydrazine hydrochloride (97%), 3-methyl-2-butanone 
(98%), 4-bromomethylbenzoic acid (97%), and 3,4-dihydroxycyclobut-3-
ene-1,2-dione (98%) were purchased from Alfa Aesar and used without 
further purifi cations. All solvents were dried prior to use with appropriate 
drying agents. Analytical thin layer chromatography was carried out on 
Yantai chemical industry silica gel plates and visualized by UV. 

  1 H,  13 C and 2D NMR spectra were recorded on a Bruker 400 
(400 MHz  1 H; 100 MHz  13 C) or Bruker 600 (600 MHz  1 H; 150 MHz 
 13 C) spectrometer at room temperature. Mass spectra (MS) were 
measured with a XEVO-G2QTOF (ESI, Waters, USA). UV-visible 
spectra were obtained on a spectrometer (UV 2600, Shimadzu, 
Japan). Fluorescence spectroscopic studies were performed on a 
fl uorescence spectrophotometer (Horiba Jobin Yvon FluoroMax-4 NIR, 
NJ, USA). Fourier transform infrared (FTIR) spectra were recorded 
with a Nicolet-50 DXC FTIR spectrophotometer and dry samples were 

 Figure 8.    The UV–vis spectra of self-assembled A)  D1  and B)  D2  before and after treated with ammonia gas followed by the treatment with hydrochloric 
acid for 10 min and keep in vacuum for 30 min.

 Figure 9.    The structures of A) ammonia gas, B) ethanediamine gas, C) and aniline gas calculated using ChemDraw 3D in the lowest energy state. The 
blue, yellow, and red balls represent hydrogen atom, carbon atom, and nitrogen atom, respectively.
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prepared as KBr pellets at room temperature. Powder XRD patterns were 
recorded on a D/max2500VB2+/Pc X-ray diffractometer (Rigaku) using 
Cu Kα radiation in the 2 θ  range 5°–20°. Morphologies of self-assembled 
 D1  and  D2  were observed with a Hitachi S-4700 scanning electron 
microscope (SEM), a JEOL JEM-3010 high resolution transmission 
electron microscope (HRTEM) and an Axioskop 40A Pol Optical 
Microscope (Carl Zeiss) POM. 

  Preparing Self-Assembled  D1  and  D2  : The self-assembly of  D1  and 
 D2  was proceeded in DMF solution via a solvent evaporation method. 
The solid state UV–vis spectra were measured on a hydrophilic quartz 
matrix. The samples of  D1  and  D2  for morphologies were given as the 
same method on an appropriate matrix. 

  Computational Methods : The indexing of the peaks in the powder 
XRD pattern with a long-time scan was performed using the TREOR 
program [ 20 ]  on the Refl ex Powder Indexing module in Materials Studio 
software, [ 21 ]  in which the crystal type and approximate lattice parameters 
can be determined from the peak positions by testing in six common 
space groups (cubic, hexagonal, tetragonal, orthorhombic, monoclinic, 
and triclinic). Then, the accurate lattice parameters of the sample were 
determined by Pawley fi tting, [ 22 ]  which can give the most likely triclinic 
space groups of the crystal system. The results show that  D1  and  D2  have a 
monoclinic lattice and the lattice parameters of  a  = 18.267 Å,  b  = 12.101 Å, 
 c  = 12.281 Å,  α  = 81.67°,  β  = 120.77°,  γ  = 110.4° for  D1  and  a  = 16.474 Å, 
 b  = 13.939 Å,  c  = 9.770 Å,  α  = 86.51°,  β  = 103.19°,  γ  = 115.83° for  D2 . 

  Synthesis of  D1  and  D2  :  D1  and  D2  were obtained by three steps 
processes according to the previous literatures and the detailed reaction 
process was shown in Scheme S1 (Supporting Information). [ 23 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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