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ABSTRACT: Metal-organic frameworks (MOFs) demonstrate strong potential for various important applications due to their well 
tunable structures and compositions through metal- and organic linker-
engineering. As an effective approach, topology evolution by controlling 
linker conformation has received considerable attention, where solvents 
and acids make crucial effects on structural formation. However, a 
systematic study of such effect remains under investigated. Herein, we 
carried out a methodical study on the topology evolution in Zr-MOFs 
directed by solvothermal conditions with various combinations of three 
common solvents and six different acids. As a result, three Zr-MOFs with 
different topologies, scu (HIAM-4007), scp (HIAM-4008) and csq 
HIAM-4009), were obtained using the same Zr6-cluster and tetratopic 
carboxylate linker, in which structure diversity shows significant 
influence on their corresponding photoluminescence quantum yields. Further experiments revealed that the acidity of acid and the 
basicity of solvents strongly influenced the linker conformation in the resultant MOFs, leading to the topology evolution. Such a 
solvent- and acid-assisted topology evolution represents a general approach that can be used with other tetratopic carboxylate linkers 
to realize structural diversity. The present work demonstrates an effective structure designing strategy by controlling synthetic 
conditions, which may prove to be powerful for customized synthesis of MOFs with specific structure and functionality.

INTROCDUCTION
Metal-organic frameworks (MOFs) are a category of hybrid 

porous materials built of inorganic metal ions/clusters and 
organic linkers through coordination bonds.1-2 Tunable 
structures of MOFs give rise to diversity of structures and 
functionalities, which allow them to be customized for a wide 
variety of important applications, including but not limited to 
gas storage and separation,3-4 luminescence based sensing and 
photonics5-6 as well as heterogeneous catalysis7-8. So far, some 
100,000 MOF compounds have been reported,9 offering a large 
pool of functional materials for target-specific applications and 
devices.10 To make them ready for commercialization, 
directional synthesis of customized MOF structures signifies 
the next stage of the MOF development.11 

Assembly of various metal ions/clusters and organic linkers 
confer the diversity of MOFs. Three strategies have been 
commonly utilized for customized MOFs synthesis. As shown 
in Scheme 1, (i) Linker Engineering is a powerful way to 

introduce specific properties or new functions to MOFs.12-16 For 
example, UiO-66, UiO-67 and UiO-68 possess the same 
topology with increased pore size as a result of increasing 
ligand length.17 The same strategy has been used to prepare 
MOF-74 series with large-pore apertures.14 Additionally, pre- 
and post-synthesis linker modification,16, 18, 19 and linker 
installation20-24 have also been proven to be useful approaches 
to achieve target-specific properties on resultant MOFs. (ii) 
Metal/SBUs Engineering (SBU: secondary building unit) is 
another strategy to create the structure diversity in MOFs.25 
Assembly of different SBUs with the same linker result in 
different underlying nets.26-27 For instance, the simplest and 
rigid ditopic terephthalic acid, H2bdc, is the first organic linker 
adopted in MOF synthesis. It has been used to connect with 
several metal nodes, such as Zr, Zn, Al, Cr and Ti SBUs, to form 
UiO-66,17 MOF-5,28-29 MIL-53,30 MIL-10131 and MIL-12532, to 
name a few. Varying structures, like BUT-14,33 Y-ftw-MOF-234 
and Al-soc-MOF-135, can be formed when Zr, Y and Al were 
used as the metal source and 3,3",5,5"-tetrakis(4-
carboxyphenyl)-p-ter 
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Scheme 1. Schematic representation of the three strategies for customized MOF synthesis: (i) Linker Engineering, (ii) Metal/SBUs 
Engineering and (iii) Conformation Engineering.

phenyl was used as the organic linker (Scheme 1). Strategies 
mentioned above concentrate on the diversity of linkers and 
SBUs, which leads to a very rich MOF structural database. On 
the other hand, other structure-directing parameters also exist, 
such as molecular stretching and twisting of the linkers that 
often give rise to different conformations. They also play an 
important role in the topology of the final structures of MOFs. 
These parameters can be controlled by varying synthetic 
conditions, including solvent and acid modulator.36-37 This 
strategy is categorized as (iii) Linker Conformation 
Engineering (Scheme 1). A suitable combination of solvent and 
modulating chemical species can directly affect the 
conformation of linkers, resulting in different nets with the 
same linker and metal node.38

Tetratopic carboxylates are good candidates of linkers to 
generate conformation-dependent topologies compared with 
tricarboxylic and dicarboxylic acid-based linkers. For example, 
as one the most extensively studied linkers, tetrakis-(4-
carboxyphenyl)porphyrin (H4TCPP) has been reported to form 
several topologies with Zr6 clusters,39 where the underlying net 
is determined by the conformation of TCPP and the 
connectivity of Zr6 cluster controlled by various synthetic 
conditions. In addition, as a useful strategy to influence the 
linker conformation, steric hindrance has been introduced into 
the linker backbone to control the nets of resulting MOFs.40 
Zhou and co-workers systematically studied a series of (4,8)-c 
Zr-tetracarboxylate-based MOFs by changing the substituents 
on different positions of the tetratopic carboxylate linkers.41 
Tunable linker rotamers lead to three types of structures with 

csq, flu and scu topologies underlying nets under controllable 
solvothermal conditions. These results indicate that rationally 
selecting the modulators and solvent serves an effective way in 
directing MOF structures. However, to this date, there is lack of 
works to systemically study the relationship between them. 

In a recent report, Farha and co-workers studied solvent and 
acid effect on the topologies of resultant Zr-MOFs using 1,4-
dibromo-2,3,5,6-tetrakis (4-carboxyphenyl) benzene (H4TCPB-
Br2) as the linker.38 Two kinds of solvents (N,N-dimethyl 
formamide, DMF; N,N-diethyl formamide, DEF) and two types 
of acid modulators (formic acid, FA; acetic acid, AA) were 
investigated. By precisely modulating the synthetic conditions, 
the connectivities of Zr6 cluster and the conformations of the 
TCPB-Br2 can be simultaneously controlled. As a result, four 
different topologies were obtained, i.e. a new 4,4,4,5-
coordinated tetranodal net (NU-500), 4,6-c she (NU-600), 4,8-
c scu (NU-906), and 4,8-c csq (NU-1008) as shown in Scheme 
1. 

Very recently, we have also prepared a series of Zr-MOFs 
HIAM-400X (HIAM = Hoffmann Institute of Advanced 
Materials, 40 = Zirconium, X = 0-4) using a similar 
tetracarboxylic acid linker.21 One scu net, same as NU-906, was 
obtained in DMF solvent with benzoic acid as the acid. An 
interesting question is would it be possible to attain other nets 
when different solvents and acids are utilized? To explore such 
possibilities and to understand how reaction conditions affect 
important structural parameters that govern topological 
evolution, such as linker conformation and SBU connectivity, 
we carried out a systematic study to 
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Figure 1. (a) The molecular structure of three solvents and six different acids modulator employed for MOFs synthesis; (b) schematic 
representation of the preparation and the single crystal images of HIAM-4007, HIAM-4008 and HIAM-4009 under daylight and 450 
nm excitation (scale bar: 100 μm); (c) the single crystal structure of HIAM-4007, HIAM-4008 and HIAM-4009 (Color scheme: C, 
brown; O, red; Zr, green. H and N atoms in the structures are omitted for clarity.).

synthesize a series of Zr-MOFs composed of the same 
tetracarboxylate linker under various combination of solvents 
and acids, and to evaluate the mechanism of topological 
evolution of MOFs formed under different reaction conditions. 
RESULTS AND DISCUSSION
Solvent- and Acid-assisted Topology Evolution of Zr-
Tetracarboxylate Frameworks. Based on the aforementioned 
considerations, we firstly designed and synthesized a linker, 
5',5''''-(2,3-diaminophenyl)-bis(([1,1':3',1''-terphenyl]-4,4''-
dicarboxylic acid)) (APTC), similar to that used in HIAM-400X 
(X = 0-4) via Suzuki reactions and followed hydrolysis under 
mild conditions as shown Supporting Information. Similar 
linkers have been utilized to prepare Zr-MOFs with sqc and csq 
topology under different solvothermal conditions.21, 42-43 To 
systematically study the effects of solvent and acid on the 
topology evolution of Zr-MOFs, three solvents, N,N-diethyl 
formamide (DEF), N,N-dimethyl acetamide (DMA) and N,N-
dimethyl formamide (DMF), were selected along with six 
different acids, namely benzoic acid (BA), 2-fluorobenzoic acid 
(FBA), formic acid (FA), acetic acid (AA), propionic acid (PA) 
and trifluoroacetic acid (TFA) as modulators (see Figure 1a). 
To avoid temperature- and reaction time-induced structure 
diversity, the synthetic temperature was fixed at 120 °C, and the 
reaction time was fixed for 3 days. By various combinations of 
the selected solvents and acids, the reactions of ZrCl4 (metal 
source) and APTC (linker) resulted in three structures: HIAM-
4007 (scu), HIAM-4008 (with the new trinodal 4,4,12-c scp 

net) and HIAM-4009 (csq)20 as shown in Figure 1b-1c. The 
detailed synthesis conditions are listed in Table S1. These 
results indicate that the structures and topologies of the Zr-
based MOFs can indeed be tuned through suitable choice of 
solvent and modulator.  
Structural Analysis and Description of HIAM-4007, HIAM-
4008 and HIAM-4009. Prismatic crystals of HIAM-4007 were 
obtained by solvothermal reaction of ZrCl4 and APTC in DMF 
with benzoic acid served as the modulator, which was similar 
to the synthetic procedure for HIAM-4000. Single crystal X-ray 
diffraction (sc-XRD) analysis revealed that HIAM-4007 
crystallized in orthorhombic crystal system with Cmmm space 
group (Table S2). Each Zr6O8 cluster is coordinated by eight 
fully deprotonated APTC linkers and eight terminal H2O/OH- 
groups. Each APTC is connected to four Zr6 clusters, leading to 
a (4,8)-c scu net in HIAM-4007 (Figure 1c). These data give the 
overall formula of HIAM-4007 as Zr6O4(OH)8(H2O)4(APTC)2. 
Four types of one-dimensional (1D) open channels are formed, 
i.e. rhombic channels and hexagonal channels along a-axis, and 
two different rhombic channels along b- and c- axis (Figure S1). 
The permanent porosity of HIAM-4007 was examined by N2 
sorption isotherms at 77 K with the Brunauer-Emmett-Teller (BET) 
surface areas of 496.1 m2/g and total pore volume of 0.206 cm3/g 
(Figure S2). 

The solvothermal reaction of ZrCl4 and APTC linker using 
DEF as solvent and acetic acid as modulator yielded truncated 
octahedral crystals of HIAM-4008. The sc-XRD analysis 
indicated that HIAM-4008 crystallizes in tetragonal crystal 
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system with I41/amd space group (Table S3). HIAM-4008 also 
possesses Zr6O8 cluster, but each Zr6 cluster is coordinated by 
twelve APTC linkers and four terminal H2O/OH- groups, 
leading to a new trinodal (4,4,12)-c scp net in HIAM-4008 
(Figure 1c and Figure S3). In this structure, eight APTCs are 
coordinated with Zr6 cluster via bidentate carboxylate group. 
While the other four APTCs are disorder over two positions 
(50%-50%). The disordered APTC is monodentate to Zr6 cluster 
(Figure S4). From a topological viewpoint, the connectivity of 
the Zr6 node increases from 8 in HIAM-4007 to 12 in HIAM-
4008 by changing solvent and acid, while all APTC linkers 
connect always four Zr6O8 clusters. The formula of HIAM-4008 
thus is Zr6O4(OH)4(H2O)4(APTC)3. Three types of 1D open 
channels are formed, namely, triangle channels, trapezoid 
channels and rhombic channels along both a-axis and b-axis, 
while no open channels are formed along the c-axis (Figure S3).  
The BET surface areas and total pore volume are 1903.9 m2/g and 
0.687 cm3/g for HIAM-4008, respectively (Figure S5).

Thinner and longer prismatic crystals of HIAM-4009 were 
obtained via the solvothermal reaction of ZrCl4 and APTC 
linker in DEF with benzoic acid as the modulator. The prismatic 
single crystals of HIAM-4009 (csq) are not large enough for sc-
XRD analysis. Topology of HIAM-4009 was determined by 
comparing the structures of HIAM-4009 and the similar Zr-
MOF, PCN-808, with the overall formula of 
Zr6O4(OH)8(H2O)4(APTC)2.21 Each Zr6 cluster in HIAM-4009 
is coordinated by eight fully deprotonated APTC linkers and 
eight terminal H2O/OH- groups (Figure 1c). Each APTC is 
connected to four Zr6 clusters to form a (4,8)-c csq topology in 
HIAM-4009, different from scu found for HIAM-4007. Two 
types of one-dimensional open channels are formed along c-
axis, i.e., one triangle channel and one hexagonal channel 
(Figure S6). The corresponding BET surface areas and total pore 
volume are 1294.9 m2/g and 0.759 cm3/g for HIAM-4009, 
respectively (Figure S7). According to the N2 sorption data, the 
pore size distributions based density functional theory (DFT) 
method indicated hierarchically porous structures with micropores 
at 14.1 Å, and mesopores at 26.6 Å for HIAM-4009 (Figure S7).

  For Tetratopic carboxylic acid-based MOF, other 
topologies were also reported, such as (4, 12)-c ftw, (4,8)-c sqc 
and (4,8)-c flu. However, we did not obtain these structures in 
our study, which might be contributed to the following facts: i) 
Zr6-based ftw net has strict demands on the linker size, i.e. 
aspect ratio;44 ii) (4,8)-c sqc net might be prepared after 
removing the two independent APTC from (4, 4, 12)-c scp net, 
as reported by Prof. Yang’s group;43 iii) flu net needs the linkers 
with tetrahedral conformation. 41

Linker Conformation Analysis in Different MOFs. As 
mentioned earlier, molecular stretching and twisting commonly 
exist in MOF structures and often they determine the final 
topology of MOFs. In our work, no steric hindrance was 
introduced into the linker backbone, and amount of 
ZrCl4/APTC linker (23.3 mg/10 mg) and reaction 
temperature/time (120 °C/3 days) were all kept constant, while 
the type and amount of solvent and modulator were varied. In 
addition, all three structures (HIAM-4007, HIAM-4008 and 
HIAM-4009) are composed of the same Zr6 clusters (SBUs). 

Therefore, the conformations of the APTC linker played a 
dominating role in the final topology in these structures.

The conformations of the APTC linkers in the three Zr-MOFs 
are depicted in Figure 2. For the purpose of clarity, both amino 
groups on the phenyl ring are omitted. The linkers in (4,8)-c scu 
net of HIAM-4007 display only one crystallographic 
conformation (type I), with a C2h symmetry. Both pairs of the 
adjacent phenyl arms rotate 43.3° in the same direction. In (4,8)-
c csq net of HIAM-4009, the APTC linkers also display only 
one crystallographic conformation. Different from that in 
HIAM-4007, the linker here has a C2v symmetry (type IV), in 
which two adjacent phenyl arms rotate away from each with the 
same angle of 49.6°. Interestingly, the linkers in HIAM-4008 
display both crystallographic conformations (type II and type 
III) similar to type I and type IV. It is worth noting that only the 
APTC linkers displayed on the plane between a-axis and b-axis 
have the conformation with C2v symmetry, in which with two 
adjacent phenyl arms rotate away from each with the same 
angle of 49.6°. The other type of APTC linkers possess the C2h 
symmetry, in which both pairs of the adjacent phenyl arms 
rotate 44.5° in the same direction. Thus, the twisting of phenyl 
rings within APTC linker conformations determine the 
topologies in resulting HIAM-4007, HIAM-4008 and HIAM-
4009.

Figure 2. The twisting of the phenyl rings in the different 
conformations of APTC linker in HIAM-4007, HIAM-4008 
and HIAM-4009.

Structure Effect on Photoluminescent Properties. As shown 
in Figure S8, similar photoluminescence, UV-vis absorption 
and TGA behaviors were observed for HIAM-4007, HIAM-
4008 and HIAM-4009. However, due to varying linker 
conformations and packing in different nets, the interactions 
between linkers will be influence. As a result, different 
photoluminescence quantum yields (PLQYs) were recorded for 
these three MOFs. The PLQYs are 6.1%, 2.8% and 5.7% under 
450 nm excitation for HIAM-4007, HIAM-4008 and HIAM-
4009, respectively. The lowest PLQY for HIAM-4008 could be 
ascribed to the fact that (4,4,12)-c scp net with the highest linker 
density compared with (4,8)-c scu and csq nets, which will lead 
to the severest aggregation-cause luminescence quenching. In 
addition, from the single crystal analysis, organic linkers in 
(4,8)-c csq HIAM-4009 (Figure 1C, S1 and S4) possesses 
stronger π-π stacking interactions than (4,8)-c scu HIAM-
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Figure 3. The PXRD patterns of HIAM-4007 (a), HIAM-4008(b) and HIAM-4009 (c) synthesized from different solvothermal 
conditions (d).

4007, which will result higher PLQY for HIAM-4007 than 
that of HIAM-4009. These results demonstrate that MOFs 
structures have significant effect on their photoluminescent 
properties, in which acid- and solvent-assisted topology 
evolution could be used as useful method to customized 
synthesis MOFs with highest performance.
Characterization of MOFs Synthesized using Different 
Solvents and Acids. As aforementioned, the linker 
conformation and consequently the topology of MOFs vary 
with different combinations of solvents and acids. Table S1 
summarizes the details of such combinations using three types 
of solvents (DEF, DMA and DMF) and six acid modulators 
(BA, FBA, FA, AA, PA and TFA). The results show that 
adjusting the ratio of acid modulator made slight effort on the 
topology, while several exceptions were observed when much 
lower or higher concentration of acids was used (Table S1, 
Figure S9-S14). Therefore, only crystals obtained with mid-
concentration of each acid modulator was further analyzed. 
Images of all crystal samples were summarized in Figures S6-
8. The phase purities of HIAM-4007, HIAM-4008 and 
HIAM-4009 were confirmed by the excellent agreement 
between the experimental powder X-ray diffraction (PXRD) 
patterns and the simulated ones generated from the 
corresponding single crystal diffraction data. 

In the case of HIAM-4007, as observed in Figure 3a and 3d, 
there are only two kinds of combinations that resulted to this 
topology. In both cases, DMF was used as solvent with BA or 
FBA as acid modulators. There are notable peak shifts in the 
PXRD patterns for both dried crystals, due to their structural 
flexibility. In the case of HIAM-4008, nine different 
combinations generated this topology (Figure 3b and 3d). 
Finally, six combinations succeeded in producing HIAM-
4009. It was notable that highly crystalline samples were 
obtained either in DEF or with TFA/FA as acid modulators 
(Figure 3c and 3d). The PXRD analysis also suggests that 
combinations of DMF and FA generally resulted in less 
crystalline samples. Based on the data shown in Figure 3d, it 
is also clear that reactions with DMA as solvent yielded 
exclusively HIAM-4008, regardless of what acid was used, 
except TFA, which as modulator yielded almost no crystals, 
and adjusting its amount also made no effect. In the case of 
DMF, all three types of Zr-MOFs can be synthesized. HIAM-
4007 was obtained when BA and FBA were used; HIAM-

4008 was prepared using AA and PA as the modulators; while 
HIAM-4009 was obtained when TFA and FA were utilized. 
However, in the case of DEF, only two types of Zr-MOFs 
could be achieved. Considering acid modulators, use of AA 
and PA only resulted in HIAM-4008. Variation of solvents 
had no effect on the MOF topology. HIAM-4007 only 
occurred when BA or FBA was employed as acid modulators 
and DMF as solvent.

All above results demonstrate that the selection of solvent 
and acid modulator directly affect the resulting linker 
conformation and MOF structure. The topology of the Zr-
MOFs built on the same linker and identical Zr6 cluster can be 
controlled by solvents and acid modulators.
Mechanism of Topology Evolution of Different MOFs. To 
understand the factors that contribute to various 
conformations of APTC in HIAM-4007,8,9, we investigated 
further possible mechanism of crystal formation. The results 
from the previous section demonstrate that the topology 
evolution from HIAM-4007 to HIAM-4009 was controlled 
solely by the choices of solvents and acids used in the 
synthesis, which directed to different linker conformations in 
the final crystal structures. It is well known that the pKa of an 
acid makes significant effect on the nucleation and crystal 
growth by competing with linkers for coordination sites on Zr6 
clusters to terminate the coordination process and to form Zr6 
nodes with lower connectivity.38-39, 45-46 Solvents with 
different physical and chemical properties also influence the 
nucleation and crystal growth processes by altering the 
solubility of the organic linkers and the degree of interaction 
with acids.47 Therefore, we carried out a systematic 
comparation of the acidity of the modulating acids and the 
basicity of solvents to understand their effect on the topology 
evolution. 

The pKa values of all the solvents and modulators used in 
this study are summarized in Table 1.48-51 From the table, the 
pKa of modulators increases in the order of TFA, FBA, FA, 
BA, AA and PA. As has been observed, AA and PA leads to 
HIAM-4008 structure, which is a (4,4,12)-c scp underlying 
net. As reported previously, the modulator with higher pKa 
would lead to a weaker competition with linker for 
coordinating with Zr6 cluster, thereby giving rise to higher 
connectivity of the metal nodes in the resulting MOFs.38 
Accordingly, in the case of AA and PA with highest pKa 
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values among the selected acid modulators, HIAM-4008 with 
fully connected nodes was obtained, regardless of which 
solvent was used. On the contrary, for the acid modulators 
with lower pKa values such as BA, FA, FBA and TFA, (4,8)-c 
scu and csp nets with lower connectivity were resulted in 
HIAM-4007 and HIAM-4009 with DEF or DMF employed as 
solvent. 

Interestingly, FBA has a similar pKa to FA, indicating that 
the competitiveness of FA and FBA towards APTC linker for 
coordinating with Zr6 node should be similar. But different 
structures were resulted in DMF. HIAM-4009 was obtained 
with FA, while HIAM-4007 was acquired with FBA. In 
HIAM-4007, a rhombic-shaped channel along the c-axis is 
observed, while two types of one-dimensional open channels 
are formed in HIAM-4009 along c-axis: triangle-shaped 
channel and hexagon-shaped channel (Figure S1 and S6). 
Notably, this additional smaller triangle-shaped channel is 
formed in HIAM-4009. Considering the steric hindrance of 
the two acids, FBA possesses a larger molecular size than FA. 
Thus it might be difficult for FBA to form small triangular 
channel to form HIAM-4009. Accordingly, a monotonous 
rhombic-shaped channel was formed in HIAM-4007. While 
the smaller sized FA gives rise to the coordination diversity in 
HIAM-4009, giving rise to two types of one-dimensional 
open channels.

Table 1. The pKa of acids and solvents used in this study.

acid pKa solvent pKa
TFA 0.3
FBA 3.6 DMF -0.70

FA 3.7
BA 4.2 DEF -0.50

AA 4.8
PA 4.9 DMA 0.10

Considering solvent effect, only one type of MOFs, namely 
HIAM-4008, was obtained in DMA, while all three types of 
MOFs could be synthesized in DMF, and two types of MOFs, 
HIAM-4008 and HIAM-4009, can be crystallized in DEF. 
Since the APTC linker dissolves completely in all three 
solvents, polarity of the solvents plays little role and thus, is 
not studied here. The basicity of the three solvents were 
considered. The basicity increases in the order of DMF, DEF 
and DMA. DMA shows the strongest basicity, which will 
weaken the competition of acid with linker for coordinating 
with the Zr6 cluster, leading to the higher connectivity of Zr6 
cluster. The basicity of DEF was stronger than DMF but 
weaker than DMA, resulting in two topologies. With the 
weakest acids, AA and PA, HIAM-4008 with higher 
connectivity was formed using DEF as the solvent. With the 
increased acidity, the HIAM-4009 with lower connectivity 
was obtained. The synthetic process became extremely 
complicated when DMF was used as the solvent, which 
involved deprotonation of linkers, interaction between solvent 
and acid, and the competition between acid and linker for the 
coordinating with Zr6 cluster. DMF has the lowest basicity, 
thereby the acid with different acidity will make a significant 
effect on the crystal nucleation and growth. As a result, three 
topologies were generated. All above results demonstrate that 
the solvents and acids controlled the topologies of MOFs 

synergistically. Either solvent or acid plays an important role 
in determining the topologies of Zr-MOFs when their pKa 
values are extremely low or high.

Figure 4. (a) The structures of tetracarboxylic acid ligand 
BTTC and NTTC used in the synthesis of HIAM-4001 and 
HIAM-4003. (b) The single crystal images of HIAM-4001, 
HIAM-4010, HIAM-4011, HIAM-4003, HIAM-4012 and 
HIAM-4013 under daylight (left) and 450 nm photoexcitation 
(right, scale bar: 100 μm). (c) The PXRD patterns of HIAM-
4001, HIAM-4010, HIAM-4011, HIAM-4003, HIAM-4012 
and HIAM-4013 along with simulated ones.

Topology Control using different tetratopic carboxylate 
linkers. As mentioned earlier, only one type topology was 
obtained for HIAM-4001 and HIAM-4003 in our previous 
study.22 In order to verify the proposed mechanism, we used 
the same linkers (BTTC and NTTC, see Figure 4a) but 
different solvents and acids to test out whether new types of 
Zr-MOFs can be obtained. AA and BA were adopted as the 
acid modulators, while DMA, DMF and DEF were selected 
as solvents. The synthesis detailed are provided in Supporting 
Information. 
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Six different Zr-MOFs were obtained, in which HIAM-
4001 and HIAM-4003 were previously synthesized. BTTC 
linker led to two new types of Zr-MOFs. Truncated 
octahedron-shaped crystals of HIAM-4010 possess a (4,4,12)-
c net, which is the same as we observed in HIAM-4008, while 
thinner and longer prismatic crystals of HIAM-4011 have a 
(4,8)-c csq net, which is the same as HIAM-4009. Similarly, 
for the linker NTTC, two new Zr-MOF structures were 
realized. Truncated octahedral crystals of HIAM-4012 and 
long prismatic crystals of HIAM-4013 possess the same 
topologies to those in HIAM-4008 and HIAM-4009 (Figure 
4b). The phase purities of HIAM-4010 to HIAM-4013 were 
confirmed by the well agreed experimental PXRD patterns 
and the simulated ones generated from single crystal 
diffraction data of HIAM-4008 and HIAM-4009 (Figure 4c). 
The same reaction conditions as listed in Table S1 were used 
here, indicating that the proposed mechanism ban be 
generalized for similar tetratopic carboxylate linkers to realize 
customized synthesis. More importantly, all three luminescent 
MOFs (LMOFs) made of the same linker exhibit very similar 
solid-state emission behavior, while the observed emission 
shifts were induced by the different packing of organic linkers 
in different nets (Figure S15). The similar effect on the 
PLQYs as we discussed for HIAM-4007 to HIAM-4009 was 
recorded for this series of LMOFs. For example, the highest 
PLQY is recorded for HIAM-4003 of 17.6% and the lowest 
PLQY is observed for HIAM-4012 of 8.8% with the highest 
linker density under 365 nm excitation. These results further 
indicated that acid- and solvent-assisted topology evolution 
could be used to customized synthesize MOFs with best 
performance. 

Table S4 lists topologies of various tetratopic carboxylate-
based Zr-MOFs obtained under different reaction conditions.  
For each linker, one or two topologies among scu, csq, sqc 
and scp are found. It should be noted that most of the MOFs 
adopt the same topologies as the HIAM-400X reported in the 
present work when the same solvent and acid were used, 
confirming that the proposed solvent- and acid-assisted 
topology evolution can be generalized. Note that introducing 
steric hindrance into the linker backbone or using linkers 
possessing very different molecular structure with the one we 
used in the present study will also influence linker 
conformation and lead to different topology of the resulting 
MOFs under similar synthesis conditions.  

CONCLUSION
In conclusion, a systematic investigation has been 

conducted to evaluate topology evolution in Zr-MOFs 
directed by synthetic conditions. Combination of three 
solvents and six acids yielded three different topologies of Zr-
MOFs using only the same Zr6 SBU and tetratopic carboxylate 
linker. The different structures show significant influence on 
the photoluminescence quantum yield of resultant MOFs. 
Further experiments revealed that the basicity of solvents and 
the acidity of acids affected the structure of MOFs directly by 
modulating the protonation process of the organic linker and 
competition between the acid and linkers for coordination 
sites of the Zr6 clusters. Rational selection of acid and solvent 
is a key factor in directing MOF structures. This principle 

applies well to other tetratopic carboxylate linkers and 
represents a general approach for solvent- and acid-assisted 
topological evolution in Zr-MOFs. The current study may be 
helpful in establishing guideline for the customized synthesis 
of MOFs for target-specific applications and enhanced 
performances.
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S2

Chemicals

Dimethyl 5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1':3',1''-terphenyl]-4,4''-

dicarboxylate and 3,6-dibromobenzene-1,2-diamine were purchased from Jilin Chinese 

Academy of Science-Yanshen Technology Co., Ltd. Other reagents and chemicals including 

benzoic acid (BA, 99.5%), 2-fluorobenzoic acid (FBA, 98.0%), formic acid (FA, 99.0%), acetic 

acid (AA, 99.8%), propionic acid (PA, 99.5%), trifluoroacetic acid (TFA, 99.0%), N, N-diethyl 

formamide (DEF, 99.0%), N, N-dimethyl acetamide (DMA, 99.0%) and N, N- dimethyl 

formamide (DMF, 99.5%) were purchased from Shanghai Aladdin Biochemical Technology 

Co., Ltd.. 5',5''''-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(([1,1':3',1''-terphenyl]-4,4''-

dicarboxylic acid)) (BTTC) and 5',5''''-(naphtho[2,3-c][1,2,5]thiadiazole-4,9-

diyl)bis(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid)) (NTTC) were synthesized according to 

previous work.1

Characterization

Nuclear magnetic resonance (NMR) data was obtained using 400 MHz JEOL JNM-ECZ400S. 

Powder X-ray diffraction (PXRD) patterns of all MOFs were measured using Bruker D8 

Advance X-ray diffractometer with Cu Kα radiation. Single crystal X-ray diffraction data were 

collected at 100 K on a Bruker D8 Venture diffractometer with graphite monochromated Ga 

K radiation (λ = 1.34139 Å). The photoluminescent spectra were recorded on FLS1000 

spectrofluorometer (Edinburgh Instruments). The UV-vis spectra were measured on Shimadzu 

UV-3600 spectrophotometer. The thermogravimetric data was collected using TGA 550 (TA 

Instruments) analyzer and the samples were heated from room temperature to 600°C at a ramp 

rate of 10°C / min.
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Synthesis 

Synthesis of tetramethyl 5',5''''-(2,3-diamino-1,4-phenylene)bis([1,1':3',1''-terphenyl]-

4,4''-dicarboxylate)

Dimethyl 5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1':3',1''-terphenyl]-4,4''-

dicarboxylate (4.4 mmol, 2.07 g), 3,6-dibromobenzene-1,2-diamine (2.0 mmol, 0.53 g), PdCl2 

(0.4 mmol, 0.07 g), PPh3 (0.8 mmol, 0.21 g) and K2CO3 (16.0 mmol, 2.20 g) were added in a 

mixture solution of 120 mL dioxane and 30 mL water. The mixture solution was degassed four 

times and heated to reflux at 105 °C for 6 h under nitrogen atmosphere. After cooling to room 

temperature, the solvent was removed under reduced pressured. Then 100 mL DI water was 

added and the crude product was obtained after filtration. After purification by column 

chromatography, tetramethyl 5',5''''-(2,3-diamino-1,4-phenylene)bis([1,1':3',1''-terphenyl]-

4,4''-dicarboxylate) was obtained as a pale yellow solid (0.98 g, 61.2%). 1H NMR (400 MHz, 

CDCl3) δ ppm 8.15 (8H), 7.87 (2H), 7.78 (8H), 7.75 (4H), 6.93 (2H), 3.95 (12H).

Synthesis of 5',5''''-(2,3-diamino-1,4-phenylene)bis([1,1':3',1''-terphenyl]-4,4''-

dicarboxylic acid) (APTC)

Tetramethyl 5',5''''-(2,3-diamino-1,4-phenylene)bis([1,1':3',1''-terphenyl]-4,4''-dicarboxylate) 

(2.0 mmol, 1.59 g) was added to a mixture solution of 25 mL CH3OH, 50 mL THF and 50 mL 

water with 4.0 g NaOH. The reaction solution was heated to reflux at 80 °C overnight. After 

cooling to room temperature, the organic solvent was removed under reduced pressure and the 
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resulted aqueous was filtered. Then the filtrate was neutralized using 2M HCl to obtain the 

precipitate, which was filtered to offer the final product as a brown solid (1.45 g, 98.0%). 1H 

NMR (400 MHz, DMSO-d6) δ ppm 8.05 (14H), 8.00 (4H), 7.98 (2H), 7.81 (4H) ppm.

Synthesis of HIAM-4007, HIAM-4001 and HIAM-4003

23.3 mg ZrCl4, 10 mg APTC, 700 mg benzoic acid and 3 mL DMF were added in a 5 mL via. 

The mixture was heated in a 120 °C oven for 3 days. After cooling down to room temperature, 

the pale yellow crystals of HIAM-4007 were obtained. HIAM-4001 and HIAM-4003 was 

synthesized using BTTC and NTTC as organic linkers based on the same method as HIAM-

4007.

Synthesis of HIAM-4008, HIAM-4010, and HIAM-4012

23.3 mg ZrCl4, 10 mg APTC, 1.25 mL acetic acid and 1.5 mL DEF were added in a 5 mL via. 

The mixture was heated in a 120 °C oven for 3 days. After cooling down to room temperature, 

the pale yellow crystals of HIAM-4008 were obtained. HIAM-4010 was synthesized using 

BTTC in 3 mL DMA with 700 mg benzoic acid, and other conditions are the same with the 

synthesis of HIAM-4008. HIAM-4012 was synthesized using NTTC as organic linkers based 

on the same method as HIAM-4008.

Synthesis of HIAM-4009, HIAM-4011, and HIAM-4013

23.3 mg ZrCl4, 10 mg APTC, 700 mg benzoic acid and 3 mL DEF were added in a 5 mL via. 

The mixture was heated in a 120 °C oven for 3 days. After cooling down to room temperature, 

the pale yellow crystals of HIAM-4009 were obtained. HIAM-4011 and HIAM-4013 was 

synthesized using BTTC and NTTC as organic linkers based on the same method as HIAM-

4009.
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    HIAM-4007, HIAM-4008 and HIAM-4009 were synthesized in different kinds of solvent 

and acids were summarized in Table S1.

Table S1. The synthesis conditions for HIAM-4007, HIAM-4008 and HIAM-4009.

Amount 
of 

ZrCl4　

(mg)

Amount 
of 

linker 

(mg)

Acid 

(mL or mg)

Solvent

(mL) 

Solvothermal 

conditions
Crystal type Crystal size

0.2 mL FA HIAM-4009 Powder

0.5 mL FA HIAM-4009 Powder23.3 10

1.0 mL FA

2.0 mL 

DMF

120 °C, 3 

days
- -

0.5 mL AA HIAM-4008 Powder

1.0 mL AA HIAM-4008 ~10 μm23.3 10

1.5 mL AA

1.5 mL 

DMF

120 °C, 3 

days
HIAM-4008 ~60 μm

0.5 mL PA HIAM-4008 Powder

1.0 mL PA HIAM-4008 ~8 μm23.3 10

1.5 mL PA

1.5 mL 

DMF

120 °C, 3 

days
HIAM-4008 ~20 μm

200 mg BA HIAM-4008 Powder

500 mg BA HIAM-4007 ~20 μm23.3 10

700 mg BA

3.0 mL 

DMF

120 °C, 3 

days
HIAM-4007 ~50 μm

200 mg FBA HIAM-4008 Powder

500 mg FBA HIAM-4007 ~50 μm23.3 10

700 mg FBA

3.0 mL 

DMF

120 °C, 3 

days
HIAM-4007 ~70 μm
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0.1 mL TFA HIAM-4009 Powder

0.2 mL TFA HIAM-4009 ~10 μm23.3 10

0.5 mL TFA

3.0 mL 

DMF

120 °C, 3 

days
- -

0.2 mL FA HIAM-4008 ~2 μm

0.5 mL FA HIAM-4009 ~2 μm23.3 10

1.0 mL FA

2.0 mL 

DMA

120 °C, 3 

days
- -

0.5 mL AA HIAM-4008 ~2 μm

1.0 mL AA HIAM-4008 ~15 μm23.3 10

1.5 mL AA

1.5 mL 

DMA

120 °C, 3 

days
HIAM-4008 ~10 μm

0.5 mL PA HIAM-4008 ~10 μm

1.0 mL PA HIAM-4008 ~5 μm23.3 10

1.5 mL PA

1.5 mL 

DMA

120 °C, 3 

days
HIAM-4008 ~8 μm

200 mg BA HIAM-4008 Powder

500 mg BA HIAM-4008 ~30 μm23.3 10

700 mg BA

3.0 mL 

DMA

120 °C, 3 

days
HIAM-4008 ~40 μm

200 mg FBA HIAM-4008 ~2 μm

500 mg FBA HIAM-4008 ~2 μm23.3 10

700 mg FBA

3.0 mL 

DMA

120 °C, 3 

days
HIAM-4008 ~15 μm

0.1 mL TFA - -
23.3 10

0.2 mL TFA

3.0 mL 

DMA

120 °C, 3 

days - -
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0.5 mL TFA - -

0.2 mL FA HIAM-4009 Powder

0.5 mL FA HIAM-4009 Powder23.3 10

1.0 mL FA

2.0 mL 

DEF

120 °C, 3 

days
- -

0.5 mL AA HIAM-4008 ~15 μm

1.0 mL AA HIAM-4008 ~50 μm23.3 10

1.5 mL AA

1.5 mL 

DEF

120 °C, 3 

days
HIAM-4008 ~50 μm

0.5 mL PA HIAM-4008 ~15 μm

1.0 mL PA HIAM-4008 ~20 μm23.3 10

1.5 mL PA

1.5 mL 

DEF

120 °C, 3 

days
HIAM-4008 ~25 μm

200 mg BA HIAM-4009 ~5 μm

500 mg BA HIAM-4009 ~70 μm23.3 10

700 mg BA

3.0 mL 

DEF

120 °C, 3 

days
HIAM-4009 ~70 μm

200 mg FBA HIAM-4009 ~10 μm

500 mg FBA HIAM-4009 ~20 μm23.3 10

700 mg FBA

3.0 mL 

DEF

120 °C, 3 

days
HIAM-4009 ~40 μm

0.1 mL TFA HIAM-4009 ~3 μm

0.2 mL TFA - -23.3 10

0.5 mL TFA

3.0 mL 

DEF

120 °C, 3 

days
- -
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Single crystal X-ray diffraction analyses

Single crystals of HIAM-4007 and HIAM-4008 were mounted on MicroMesh (MiTeGen) with 

paraton oil. The data were collected on a 'Bruker D8 VENTURE' diffractometer equipped with 

copper micro-focus X-ray sources (λ = 1.5406 Å). The crystals kept at the 250 K (HIAM-4007), 

199 K (HIAM-4008) during data collection. Using Olex22, the structures were solved with the 

ShelXT3 structure solution program using Intrinsic Phasing and refined with the ShelXL4 

refinement package using Least Squares minimization. In the structure HIAM-4007 and HIAM-

4008, the amino groups of the APTC ligands are all disordered over two sites with site 

occupation factor of 0.5:0.5. Furtherly in HIAM-4008, six Zr4+ ions form an octahedron with 

the 8 faces each capped by a μ3-O or μ3-OH. Eight of the edges of the octahedron are bridged 

by APTC ligands via bidentate carboxylate groups with the remaining four equatorial edges 

each bridged by a APTC ligand (occ = 0.5) that is monodentate to each equatorial Zr4+ center 

and bound through the carboxylate groups. The coordination sphere at the equatorial Zr4+ 

centers is completed by a terminal OH− ligand. The amino groups of these monodetate disorder 

APTC ligand cannot be found from the residual electron density peaks. Disordered atoms were 

refined using geometry restrains (SADI, DFIX, FLAT), and restraints were also used to refine 

anisotropic displacement parameters of all non-hydrogen atoms (SIMU and DELU). The 

hydrogen atoms on the aromatic rings were located at geometrically calculated positions and 

refined by riding. However, the hydrogen atoms for the coordinated molecules cannot be found 

from the residual electron density peaks and the attempt of theoretical addition was not done. 

The free solvent molecules are highly disordered in HIAM-4007, and attempts to locate and 

refine the solvent peaks were unsuccessful. The diffused electron densities resulting from these 
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solvent molecules were removed using the SQUEEZE routine of PLATON5; structures were 

then refined again using the data generated. The B level alert for HIAM-4007 could be ascribed 

to its relative low diffraction intensity. The refinement results are summarized in Table S2-S3. 

Crystallographic data for all of the crystal structures in CIF format have been deposited in the 

Cambridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC-2129023 

(HIAM-4007), CCDC-2129024 (HIAM-4008). The data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge CB2 1EZ, U.K.)
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N2 sorption isotherms

N2 sorption isotherms measurements were preformed using a Micromeritics SFlex volumetric 

adsorption analyzer. As-synthesized HIAM-4007, HIAM-4008 and HIAM-4009 single crystals 

were washed with fresh DMF for one day to remove unreacted linkers and inorganic species. 

Then about 150 mg HIAM-4007, HIAM-4008 and HIAM-4009 were immersed into 16 mL 

DMF with 2 mL 8 M HCl, which was heated in an oven at 100℃ for 16 hours. After cooling to 

room temperature, the supernatant solution was decanted and the resultant materials were 

washed using DMF for several times. Then fresh acetone was added and the samples were 

solvent-exchanged for 12 hours. This procedure was repeated for three times. Then the samples 

were dried under a dynamic vacuum under room temperature for 2 hours. Before adsorption 

measurement, the samples were further activated at 120℃ for 12 hours. Low-pressure N2 

sorption isotherms were measured at 77 K in a liquid nitrogen bath. The surface areas were 

calculated using the Brunauer-Emmett-Teller model based on the N2 sorption data.
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Figure S1. The single crystal structure of HIAM-4007 viewed along the a (a), b (b) and c (c) 

axis (color scheme: green, Zr; red, O; brown, C; brown, H and N atoms in the structures are 

omitted for clarity). For all node cluster description and underlying net (4,8)-c scu:  

http://rcsr.net/nets/scu.

http://rcsr.net/nets/scu
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Figure S2. N2 adsorption-desorption isotherms at 77 K (left) and pore size distribution (right) 

of HIAM-4007.
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Figure S3. The single crystal structure of HIAM-4008 viewed along the a (a), b (b) and c (c) 

axis (color scheme: green, Zr; red, O; brown, C; brown, H and N atoms in the structures are 

omitted for clarity). For all node cluster description and underlying net (4,4,12)-c scp: 

http://rcsr.net/nets/scp. The 50%-50% disorder ligand behave as 4-coordinated node defining 

the orange sql layers of the scp net (d and e), raising the coordination of the Zr6 cluster from 8 

to 12-c.

http://rcsr.net/nets/scp
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Figure S4. The eight disordered APTC in HIAM-4008 divided into two parts (the black part 

and the blue part) with occupancy of 50% for each part (hydrogen, amino groups and the 

ordered APTC were omitted for simplification). 
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Figure S5. N2 adsorption-desorption isotherms at 77 K (left) and pore size distribution (right) 

of HIAM-4008.
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Figure S6. The structure of HIAM-4009 derived from PCN-8086 viewed along the a (a) and b 

(b) and c (c) axis (color scheme: green, Zr; red, O; brown, C; brown, H and N atoms in the 

structures are omitted for clarity). For all node cluster description and underlying net (4,8)-c 

csq: http://rcsr.net/nets/csq.

http://rcsr.net/nets/csq
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Figure S7. N2 adsorption-desorption isotherms at 77 K (left) and pore size distribution (right) 

of HIAM-4009.
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Figure S8. The normalized emission spectra (a), UV-vis absorption spectra (b) and (c) 

thermogravimetric (TG) profiles of HIAM-4007, HIAM-4008 and HIAM-4009.
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Figure S9. The single crystal images and types of MOFs obtained in the DMF with different 

acids under daylight (scale bar: 50 μm).
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Figure S10. The single crystal images and types of MOFs obtained in the DMA with different 

acids under daylight (scale bar: 50 μm).
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Figure S11. The single crystal images and types of MOFs obtained in the DEF with different 

acids under daylight (scale bar: 50 μm).
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Figure S12. The PXRD patterns of HIAM-4007 (a), HIAM-4008(b) and HIAM-4009 (c) 

synthesized under different solvothermal conditions using DMF as solvent.



S23

Figure S13. The PXRD patterns of HIAM-4009 (a) and HIAM-4008(b) synthesized under 

different solvothermal conditions using DMA as solvent.
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Figure S14. The PXRD patterns of HIAM-4008 (a) and HIAM-4009 (b) synthesized under 

different solvothermal conditions using DEF as solvent.
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Figure S15. The normalized emission spectra of HIAM-4001, HIAM-4003, HIAM-4010, 

HIAM-4011, HIAM-4012 and HIAM-4013.
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Figure S16. The PXRD patterns of simulated, as-synthesized and after N2 sorption of HIAM-

4007, HIAM-4008 and HIAM-4009.
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Figure S17. The 1H NMR spectrum of tetramethyl 5',5''''-(2,3-diamino-1,4-

phenylene)bis([1,1':3',1''-terphenyl]-4,4''-dicarboxylate) in CDCl3.
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Figure S18. The 1H NMR spectrum of APTC in DMSO-d6.
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Table S2.  Crystal data and structure refinement for HIAM-4007.
CCDC No. 2129023
Empirical formula C46H22N2O16Zr3
Formula weight 1132.31
Temperature 250 K
Wavelength 1.54178 Å
Crystal system orthorhombic
Space group Cmmm
Unit cell dimensions a = 19.223(4) Å α = 90°

b = 35.032(5) Å β = 90°
c = 20.525(3) Å γ = 90°

Volume 13821(4) Å3

Z 4

Density (calculated) 0.544 g/cm3

Absorption coefficient 2.033 mm-1

F(000) 2240.0

Crystal size 0.100 x 0.050 x 0.050 mm3

Theta range for data collection 4.304 to 127.372°
Index ranges -22<=h<=12, -31<=k<=40, -20<=l<=23
Reflections collected 22625
Independent reflections 6117 [R(int) = 0.0985, R(sigma) = 0.0928]
Data / restraints / parameters 6117 / 264 / 168

Goodness-of-fit on F2 0.950

Final R indices [I>2sigma(I)] R1 = 0.1100, wR2 = 0.2782
R indices (all data) R1 = 0.1523, wR2 = 0.3323

Largest diff. peak and hole 1.33 and -0.92 e.Å-3
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Table S3.  Crystal data and structure refinement for HIAM-4008.
CCDC No. 2129024
Empirical formula C69H35N2O18Zr3
Formula weight 1453.65
Temperature 199 K
Wavelength 1.54178 Å
Crystal system tetragonal
Space group I41/amd
Unit cell dimensions a = 20.6505(4) Å α = 90°

b = 20.6505(4) Å β = 90°
c = 67.8228(12) Å γ = 90°

Volume 28922.6(12) Å3

Z 8

Density (calculated) 0.668 g/cm3

Absorption coefficient 2.018 mm-1

F(000) 5816.0

Crystal size 0.100 x 0.100 x 0.03 mm3

Theta range for data collection 7.798 to 136.7°
Index ranges -23<=h<=24, -24<=k<=22, -81<=l<=81
Reflections collected 60210
Independent reflections 7013 [R(int) = 0.0445, R(sigma) = 0.0204]
Data / restraints / parameters 7013 / 141 / 289

Goodness-of-fit on F2 1.078

Final R indices [I>2sigma(I)] R1 = 0.0550, wR2 = 0.1787
R indices (all data) R1 = 0.0648, wR2 = 0.1917

Largest diff. peak and hole 0.65 and -0.55 e.Å-3



S31

Table S4. Tetratopic carboxylic acid-based Zr-MOFs with scu, sqc or csq topology.

Linker 
structure Solvent Acid

Topology 
(single node 

representation)
Status MOF

DMF FA scu Zr-abtc7

DMF AA scu NU-9068

DEF FA csq NU-10088

DMF BA scu PCN-6069

DMF TFA csq PCN-6089

DMF BA csq NU-100010

DEF BA csq NU-100010

DMF BA scp MFM-60011

DMF AA sqc BUT-1512

DMF AA sqc BUT-1412

DMF BA csq PCN-8086

DMF BA scu NPF-30013

DEF BA csq SIU-7514

SIU-10014

DMF BA scu Zr-TTFTB15

DMF FA csq BUT-1716

DMF TFA csq PCN-128W17

DEF BA sqc PCN-22518

DEF BA csq PCN-22219

DMF FA csq MOF-54520
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(reaction temperature: 120 °C; R1 = OH, NH2, OCH3; R2 = H, CF3;  indicates the solvent, 

acid and topology is consistent with the results observed in the present work;  indicates 

different topology was obtained using the same solvent and acid).
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