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ABSTRACT: The complete miscibility of polar N,N-dimethylfor-
mamide (DMF) with nonpolar benzene (PhH) challenges the
classic “like-dissolves-like” principle, highlighting the need for a
molecular-level understanding. By synergistically combining multi-
ple research methods, we identified amide-z interactions as the
pivotal driving force of this miscibility. First-principles calculations
revealed a near-parallel DMF-PhH alignment resembling biological
motifs. Meanwhile, the interaction energy of this amide-7 stacking
was intermediate between those of PhH-PhH (7-7 stacking) and
water—water (hydrogen bonding) systems. Energy decomposition
analysis quantitatively indicated the hybrid nature of amide-z
interactions arising from a combination of correlation/dispersion
and electrostatics forces. We further demonstrated this inter-
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action’s structural dominance and generality through statistical analysis of the Cambridge Structural Database. This work not only
resolves the DMF-PhH miscibility paradox but also establishes amide-7 interactions as a universal solvation mechanism, providing
theoretical guidance for the rational solvent screening in synthetic chemistry.

he apparent violation of the conventional “like-dissolves-

like” principle in the complete miscibility between
nonpolar benzene (PhH) and polar solvents like methanol
(CH;0H) and N,N-dimethylformamide (DMF, a common
solvent) demands critical further investigations of miscibility
mechanisms.’ According to existing knowledge, traditional
miscibility models (Figures 1 (a-c)) emphasize polarity
matching through dominant interactions. For example, polar
molecules like water (H,0) and CH;OH are fully miscible due
to hydrogen bonding; nonpolar PhH and toluene (PhCHj;)
mix completely, owing to shared London dispersion forces and
7- interactions between aromatic rings (ARs). In contrast,
H,0 and PhH are immiscible because of incompatible
polarities and intermolecular interactions. However, the
above-mentioned PhH-polar solvent combinations reveal
limitations in conventional wisdom. Recent studies have
partially resolved this paradox for CH;OH-PhH miscibility
through identification of unconventional O—H---7 and C—H--
O hydrogen bonds (Figure 1 (d)).” These cooperative
interactions provide sufficient stabilization energy to overcome
the polarity mismatch. Regrettably, this mechanism fails to
extend to the DMF-PhH system due to steric constraints and
the absence of protic hydrogens. This unresolved contradiction
exposes critical gaps in our understanding of solvation
thermodynamics, particularly regarding how nonpolar aromatic
systems stabilize polar aprotic solvents through alternative
interaction networks.
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Emerging evidence from structural biology demonstrates
that amide-z stacking interactions serve as a critical driving
force in both protein architecture and ligand-binding
processes.”~® Notably, the amide bond in DMF and the 7-
system in PhH mirror these biological interaction pairs.
Consequently, it is rational to hypothesize that the complete
miscibility of DMF and PhH is due to the presence of an
amide-7 interaction between them. But previous studies have
almost exclusively focused on macromolecular systems,”’
with scant attention to small-molecule analogues despite their
prevalence in synthetic chemistry. Therefore, it is essential to
explore the mode and mechanism of the amide-7 interaction
between small molecules. Herein, we systematically inves-
tigated the amide-7 interaction in the DMF-PhH system using
a range of theoretical methods (Figure 2).

For intermolecular interactions, -7 stacking and hydrogen
bonding are highly representative types besides amide-z
stacking.“’12 Therefore, the PhH-PhH (two benzene mole-
cules) and H,0-H,0 (two water molecules) systems were

Received: September 10, 2025
Revised:  October 7, 2025
Accepted: October 10, 2025

https://doi.org/10.1021/acs.jpclett.5c02817
J. Phys. Chem. Lett. 2025, 16, 11064—11073


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Ying+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peifeng+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoxiong+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="You-Gui+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lingyi+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zi-Ang+Nan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zi-Ang+Nan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Can-Zhong+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.5c02817&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c02817?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c02817?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c02817?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c02817?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c02817?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c02817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
(a) H,O & CH;0OH (b) PhH & PhCH,4 Interaction Energies
% \ \,.;- 1 ' )_ (a)
r \ _8 DMF-PhH PhH-PhH H,0-H,0
Z g ?E> 7
N 3°®
* s
* ’g 4
3 -3
j« '1 * § 2
v E
D:I’ 1
.“~ ole T
r i ) 0%, 0, o g 10, 0[S, T,
TI-Tr stacking 0, S @6:%"2)3 s Fo 8 0 ™
CH;0H & PhH (b) Absolute Interaction Energy Differences
RIS < = 35
7 P DMF-PhH PhH-PhH
g Y 301 H,0-H,0 = %= Average
'S 251
1 £
3 Y, \ ) E 181 ‘\ -*\ ,*’ ‘*s
A k] ] b ~ - Sl
3 . - 2 1.0 \* K= o . K *- <%
4 { P g
» 85 : S o5
g , ‘ 3 0.0
= J ‘-" o5l .
3 AN N . Y S5 e 50 Yo M0 S0 %00 o
Immiscibility O-H...1r hydrogen bond o ‘*qo‘:%@:%@%&sgj«r %ﬁOj( ‘%@(f# 5

Figure 1. Existing miscibility mechanisms in different systems. (a)
H,0 and CH;O0H, (b) PhH and PhCH;, (c) H,0O and PhH, and (d)
CH;0H and PhH.
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Figure 2. Overview of the research approach and analytical workflow.

selected as references to identify a suitable computational
method. The interaction energies (E(interaction)) of these
three systems (DMF-PhH, PhH-PhH and H,0-H,0) were
investigated using different computational methods in this
study, such as MP2, CCSD, CCSD(T), and DFT (including
different functionals) methods. In Figure 3 (a) and Table S1, it
could be seen that the E(interaction) of the DMF-PhH system
(amide-7 stacking) exceeded that of the PhH-PhH system (-7
stacking) while being slightly lower than that of the H,0-H,0O
system (hydrogen bonding). Literature reports indicated
E(interaction) of apfroximately —2 ~ —3 kcal/mol for the
PhH-PhH system'”'* and —4.5 ~ —5.5 kcal/mol for the H,O-
H,O system,'”'® consistent with our computational results.
Similarly, the E(interaction) for amide-z stacking systems
structurally analogous to DMF-PhH, such as formamide-PhH
and N-methylacetamide-PhH, were about —3.6 ~ —4.7 kcal/
mol,”'”"” also aligning closely with our calculated values.
Additionally, the absolute interaction energy differences (E(abs
diff)) between each method and the CCSD(T) reference

Figure 3. Comparison of interaction energies calculated by
different methods. (a) E(interaction) calculated by MP2, CCSD(T),
and DFT (including different functionals) methods. (b) Absolute
interaction energy differences (E(abs diff) = Icorresponding method
— CCSD(T)I) obtained from MP2 and DFT (including different
functionals) methods. The mean absolute differences across three
systems were marked as “Average”.

revealed that the M062X (E(interaction) = —4.79 kcal/mol)
and B3LYP-D3 (E(interaction) = —4.69 kcal/mol) functionals
displayed the smallest E(abs diff, Average) values, demonstrat-
ing their superior accuracy compared to other functionals
(Figure 3 (b) and Table S2).

In addition to interaction energies, we presented geometri-
cally optimized structures from two functionals (M062X and
B3LYP-D3) and the CCSD method in Figures 4 (a-f) and
Figures S1 (a-c). For the DMF-PhH system, the angle between
the plane of three carbon atoms in DMF and the plane of PhH
was about 17° ~ 19° and the distance between the nitrogen
atom in DMF and the centroid of PhH was about 3.7 A ~ 3.9
A. As expected, they closely resembled the structure of amide-r
interaction in proteins reported earlier (Figure §2).!1%1
Similarly, our computed structures for PhH-PhH and H,O-
H,O systems were also consistent with the geometries of 7-7
stacking and hydrogen bonding reported in the litera-
ture."**>?! Moreover, the differences between the structures
optimized by two functionals (M062X and B3LYP-D3) and
those optimized by the CCSD method were also evaluated
through the root-mean-square deviation (RMSD). As shown in
Figures 4 (g-i) and Figures S1 (d-f), RMSD values for all three
systems were no more than 1 A. This indicated that the
structures optimized by M062X and B3LYP-D3 functionals
were both in excellent agreement with the results of CCSD
method.”

Based on the above results, it could be concluded that the
M062X and B3LYP-D3 functionals were suitable for analyzing
the amide-z interaction in terms of both energy and
geometrical structure. Due to the high computational cost
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Figure 4. Structures optimized by the CCSD method and M062X
functional. Optimized by CCSD: (a) DMF-PhH, (b) PhH-PhH, (c)
H,0-H,0; Optimized by M062X: (d) DMF-PhH, (e) PhH-PhH, (f)
H,0-H,0. Overlap between structures optimized by CCSD and
M062X (blue: CCSD; gold: M062X): (g) DME-PhH, (h) PhH-PhH,
(i) H,0-H,0.

and time requirements of CCSD and CCSD(T) methods,
MO062X and B3LYP-D3 functionals were selected for further
computation in the subsequent study.

With the reliability of the M062X functional for describing
the amide-7 interaction established, the focus shifted to
elucidating how this molecular-level phenomenon translates
into the macroscopic miscibility of DMF and PhH from a
thermodynamic perspective. To bridge the molecular param-
eters with bulk miscibility, a simplified thermodynamic model
based on the MO062X-calculated E(interaction) was con-
structed: DMF-DMF (—5.84 kcal/mol, Figure S3), PhH-
PhH (—2.27 kcal/mol), and DMF-PhH (—4.79 kcal/mol).
The energy change (AE) for the model reaction DMF, + PhH,
— 2 DMF-PhH was calculated to be —1.47 kcal/mol. This
exothermic value indicated that the formation of hetero-
molecular amide-7 stacking from the homomolecular liquid is
energetically favorable. Considering that the mixing of liquids
is typically accompanied by a significant entropy increase, the
overall Gibbs free energy change (AG) for the miscibility
process is negative. This analysis demonstrated that the
miscibility of DMF and PhH is a thermodynamically
spontaneous process, thereby directly linking the molecular

interaction parameter (amide-z stacking energy) to the
macroscopic phenomenon of complete miscibility.
Generalized Kohn—Sham energy decomposition analysis
(GKS-EDA) based on KS-DFT calculations can provide
deeper insights into various chemical problems or phenom-
ena.”’ In this study, XEDA (Xiamen Energy Decomposition
Analysis) software™ was employed to perform GKS-EDA
calculations to investigate the nature of the amide-7 interaction
in detail. The GKS-EDA results by the M062X functional,
comprising four terms—an electrostatic term (AE"),
exchange-repulsion term (AE®™P), polarization term (AEP),
and correlation/dispersion term (AE“™4%)—yere presented
in Figure S(a), with corresponding numeric values in Table S3.
Since the AE®™® values showed no significant differences
across three systems, the following discussion mainly focused
on three attractive terms (AE®, AEF, and AE©™%%®) and
their respective percentage contributions were quantified for
each system. It is well-known that the interaction in the H,O-
H,O system (Figure S(b)) was the hydrogen bond, and the
essence of the hydrogen bond was electrostatic interaction.
Accordingly, AE®*(H,0-H,0) contributed the most (67%) to
the total interaction energy, and its value was also the largest
among these three systems. In contrast, the directionality of
hydrogen bonds restricted the spatial overlap region of
electron clouds, and the relatively low polarizability of H,O
(compared to 7-systems like PhH) further weakened the
correlation/dispersion energy.”> These factors collectively
resulted in AE©™/4?(H,0-H,0) contributing the least
(13.6%), with its value being the smallest among the three
systems. Furthermore, the interaction in the PhH-PhH system
(Figure 5(c)) was primarily governed by z-x stacking, and the
relatively high polarizability of PhH led to a dominant
contribution of AE®™%P(PhH-PhH) (68.9%) to the total
interaction energy. This reflected the central role of
correlation/dispersion forces in long-range weak interactions,
which aligned with the classical theories of graphene interlayer
interactions and aromatic stacking.”® While the proportion of
AE®(PhH-PhH) remained relatively small (20.5%), this
reduced contribution served to minimize the adverse effects
of electrostatic repulsion on 7-7 stacking configurations,
thereby stabilizing the nonpolar-dominated interaction frame-
work.”” For the DMF-PhH system (amide-7 stacking, Figure
5(d)), the contribution of AE®™4?(DMF-PhH) was notably
significant (59.7%) and exhibited the largest value among the
three systems, highlighting the synergistic effect between
correlation/dispersion forces and partial charge transfer.”®

(a) (b)  H,0-H,0-M062X (€)  PhH-PhH-M062X
H,0-H,0-M062X 13.6% 20.5%
19.4%
'10.6%
PhH-PhH-M062X d v
67% 68.9%
(d)  DMF-PhH-M062X ——
DMF-PhH-M062X e
32.5% AEpoI
' AEele
' ' ' | ' keal/mol 59.7%v AESXeP
45 40 5 0 5 10 15 7.8%

Figure S. The results of GKS-EDA by the M062X functional. (a) GKS-EDA energy terms for different systems. (b) Percentage contributions of
each term in H,0-H,O. (c) Percentage contributions of each term in PhH-PhH. (d) Percentage contributions of each term in DMF-PhH.
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Meanwhile, the value of AE(DMFE-PhH) (32.5%) was
between those of AE®(H,0-H,0) and AE®¢(PhH-PhH).
This originated from the polarization effect induced by the
interaction between the lone pair electrons of the amide group
and the m-electron cloud,” forming a hybrid correlation/
dispersion-electrostatics binding mode. These results provide a
molecular-level explanation for the enhanced solubility of
aromatic compounds in amide solvents. Since the interactions
in these three systems were all intermolecular interactions,
which typically involved insignificant charge transfer or
electron density redistribution, the induced polarization effects
were minimal (as reflected by the small AEP values).*
However, hydrogen bonds presented partial covalent character
due to the strong polarity of H,O, leading to higher
polarization energy (19.4%) compared to pure z-7 (10.6%)
or amide-7 systems (7.8%).”' Moreover, it was noteworthy
that the GKS-EDA results obtained by the B3LYP-D3
functional were very similar (Figure S4 and Table S4).
Besides PhH, our investigations into amide-7 interactions
have been extended to other 58 aromatic compounds,
including biologically relevant molecules, heterocyclic com-
pounds, substituted benzene derivatives, and polycyclic
aromatic hydrocarbons. The structure optimizations and
interaction energy calculations between DMF and these
compounds were studied, respectively (Tables SS5—S10:
MO062X functional; Tables S11—S16: B3LYP-D3 functional).
We measured two geometric parameters: the distance (d)
between the nitrogen atom of DMF and the centroid of the
aromatic ring, and the angle (0) between the plane of the three
carbon atoms in DMF and the plane of the aromatic ring. The
geometric parameters, corresponding E(interaction), and
whether amide-7 stacking formed were listed in Table 1 and
Table 2. According to computational results, it was observed
that most aromatic compounds could form amide-7 stacking
with DMF, where the interactions were jointly influenced by
the electronic properties and geometric features of the
aromatic systems. To be exact, compounds with smaller steric
hindrance around aromatic/heteroaromatic rings or those with
more abundant delocalized 7-electrons were more prone to
achieve parallel alignment with DMF, favoring the formation of
amide-7 interactions. Conversely, hydrogen bonding tended to
be the dominant interaction mode. For instance, adjacent
methyl groups in o-xylene sterically hinder parallel alignment
with DMF, favoring hydrogen bonding. On the contrary,
minimal steric hindrance in m/p-xylene enabled -effective
amide-7 stacking with the amide group of DMF (Figures 6 (a-
c) and Figures SS (a-c)). Additionally, positively charged
benzimidazolium, with reduced x-electron delocalization,
thereby led to hydrogen bonds with DMF, whereas neutral
benzimidazole and deprotonated benzimidazolide engaged in
amide-7 interactions (Figures 6 (d-f) and Figures SS (d-f)).
Mackenzie et al. also discovered that amide-7 interactions
between AF9 and acyllysines were electrostatically tunable, and
electron-rich rings were more conducive to form these
interactions,”” which shared striking parallels with our findings.
To further verify the results of DFT calculation and explore
the generality of amide-7 interactions, a statistical analysis of
crystal structures reported in the Cambridge Structural
Database (CSD) was conducted.”> We focused on systems
containing DMF molecules and six-membered aromatic rings,
which yielded 3,721 structures, covering 6,319 DMF-AR
interaction fragments. This large sample size provided a solid
statistical foundation for our analysis. There were two key

Table 1. Geometric Parameters and E(interaction) between
DMF and Other Aromatic Compounds (Substituted
Benzene Derivatives and Polycyclic Aromatic
Hydrocarbons) Using the M062X Functional

E(interaction)/ Amide-m
Name d/A 6/° (kcal/mol) stacking
Benzene 3.73 17.38 —4.79 yes
Toluene 3.68 13.64 —6.80 yes
Aniline 372 18.83 —8.12 yes
Nitrobenzene 3.38 12.43 —4.41 yes
0-Xylene 431  86.54 —4.02 no
m-Xylene 3.67  14.59 —6.88 yes
p-Xylene 3.67 13.56 —6.84 yes
Fluorobenzene 545 89.99 —3.24 no
Chlorobenzene 3.28 6.95 —5.08 yes
Anisole 3.26 7.76 —4.68 yes
Benzenaminium 5.84  66.97 —30.22 no
Phenol 3.67  23.38 —10.99 yes
Phenolate 4.04 3822 —13.11 no
Benzoate 4.12 22.07 —13.43 no
Phenylmethanol 3.33 S.74 —6.19 yes
Benzaldehyde 339 1619 —5.67 yes
Benzoic acid 339 13.82 —5.49 yes
Methyl benzoate ~ 3.78 7.85 —7.53 yes
Naphthalene® 3.28 4.16 —6.60 yes
Anthracene” 324 4.63 —6.34 yes
Phenanthrene® 3.18 8.57 =7.72 yes
Pyrene” 3.18 9.29 —-8.07 yes
Perylene” 3.16 7.22 —7.98 yes

“Distance to the nearest six-membered aromatic ring.

geometric parameters systematically examined: the distance
(d) between the nitrogen atom of DMF and the centroid of the
aromatic ring, and the angle (6) between the plane of three
carbon atoms in DMF and the plane of aromatic ring. The
statistical results were presented in the heat map shown in
Figure 7 (a). Here, the color of each grid represents the
fragment numbers (i.e., structural density), as indicated by the
vertical axis on the right. A distinct red grid area highlighted
the region with the highest structural density, which contained
106 fragments. The characteristic geometric parameters for this
region were: 6 = 4.30° ~ 8.60° and d = 3.83 A ~ 3.90 A.
Figures 7 (b-c) illustrated the crystal structure fragments of
typical DMF- stacking conformations in this region.”*** This
heat map could be interpreted as a potential energy surface in
an alternative context, while the red region corresponded to
the potential energy minimum. It was worth noting that the d
values in this hotspot closely matched the structure of amide-7
stacking obtained from our previous quantum calculations for
the DMF-PhH system. However, the € values in this region
were significantly smaller than those derived from our idealized
computational results. Analysis revealed that this discrepancy
primarily arose from substituted aromatic rings common in
actual crystal structures, where substituents reduced the 6
values. Consequently, our structural examination of diverse
aromatic systems (Figures S6 and S7) definitively confirmed
this trend. We also conducted a statistical analysis of the
stacking configurations involving DMF and aromatic systems
through amide-7 interactions. The detailed structures are
shown in Figures 7 (d-f), with corresponding specific examples
illustrated in Figure S8. Figure 7 (d) included not only the
simple stacking configuration of one DMF with one AR (Type
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Table 2. Geometric Parameters and E(interaction) between
DMF and Other Aromatic Compounds (Biologically
Relevant Molecules and Heterocyclic Compounds) Using
the M062X Functional

E(interaction)/ Amide-7
Name d/A 0/° (kcal/mol) Stacking
Benzimidazole” 378 2451 -9.25 yes
Benzimidazolide” 3.77 4.00 —13.57 yes
Benzimidazolium®  4.70  89.99 —16.24 no
Pyrrole 333 17.82 —6.67 yes
Pyrazole 4.06 6633 —9.83 no
Imidazole 3.25 14.84 =7.59 yes
1,2,3-Triazole 4.12 71.08 —-11.22 no
2H-1,2,3-Triazole 3.22 3.69 —4.30 yes
1,2,4-Triazole 3.56 23.00 —4.33 yes
4H-1,2,4-Triazole 3.17 4.08 —-9.24 yes
Tetrazole 5.08 15.46 -12.29 no
2H-Tetrazole 5.06  28.56 —10.53 no
Furan 3.21 0.88 —4.19 yes
Oxazole 320 1286 —4.59 yes
Isoxazole 320 15.26 -5.39 yes
1,2,5-Oxadiazole 322 2.78 —6.29 yes
Thiophene 373 2228 —4.90 yes
Thiazole 325 5.68 —5.32 yes
Isothiazole 3.66  20.00 —4.94 yes
1,3,4-Thiadiazole 5.68 56.33 —5.28 no
Pyridine 323 1026 —4.56 yes
Pyrazine 3.26 9.08 —4.81 yes
Pyrimidine 3.19 11.78 —3.41 yes
Pyridazine 3.52 9.75 —7.07 yes
1,3,5-Triazine 3.67 4.79 —4.52 yes
1,2,4-Triazine 3.18 7.33 —6.12 yes
1,2,3-Triazine 3.50 7.92 —7.64 yes
9H-Purine” 3.78 3431 —10.78 yes
Purin-9-ide” 3.17 8.49 —10.80 yes
Adenine” 3.65 2823 -8.63 yes
Adeninide” 318 7.10 -11.26 yes
2-Aminoadenine® 3.14 9.86 —11.49 yes
2-Aminoadeninide 3.10 6.87 —18.18 yes
Cytosine 3.15 11.69 —8.60 yes
Thymine 4.90 72.93 —8.82 no
Uracil 3.15 S5.62 -9.23 yes

“Distance to the nearest six-membered aromatic ring. Distance to
the nearest five-membered aromatic ring.

A)*® but also sandwich-like structures comprising two ARs
with one DMF (Type B),”” two DMFs with one AR (Type
C),*® and a stacked sequence of AR-DMF-DMF-AR (Type
D).39 Types E, F, and G illustrated amide-7 stacking
configurations incorporating 7-7 stacking.**~* Owing to the
long-range order in crystals, we also identified amide-7
configurations exhibiting infinite stacking of DMF with ARs
along specific directions (Types H).” These DME-AR
stacking configurations might potentially correspond to
structural motifs in completely miscible DMF-PhH solutions.
Furthermore, the oxygen atom of DMF could be a hydrogen-
bond acceptor or a coordination atom. As a result, amide-7
stacking interactions could also act cooperatively with
hydrogen bonds (Figure 7 (e), Types 1I-0)*Y and
coordination bonds (Figure 7 (f), Types P-V).>' ™7 In
conclusion, this large-scale CSD analysis provided compelling
evidence that amide-z interactions exhibited high generality
and structural dominance not only in DMF-PhH but also
extensively across crystalline DMF-six-membered aromatic ring
systems.

In summary, our study confirmed that amide-z interaction
was the key driving force for the anomalous miscibility of polar
DMF and nonpolar PhH using a synergistic multimethod
approach. First-principles calculations revealed that both the
MO062X and B3LYP-D3 functionals exhibited excellent agree-
ment with the results obtained from CCSD and CCSD(T)
methods. The E(interaction) of the DMF-PhH system (amide-
7 stacking) was higher than that of the PhH-PhH system (7-7
stacking) but marginally lower than that of the H,0-H,O
system (hydrogen bonding). Our results further confirmed that
the mixing process between DMF and PhH was thermody-
namically favorable. What’s more, GKS-EDA quantified the
hybrid nature of this interaction, characterized by significant
contributions from both correlation/dispersion energy and
electrostatic forces. Statistical analysis based on the CSD
systematically investigated conformations and configurations of
DMEF-AR systems, indicating the structural dominance and
pronounced generality of amide-7 interactions. This work
establishes amide-7 interactions as a fundamental and universal
solvation mechanism in polar aprotic-nonpolar aromatic
systems. While our study provides this fundamental under-
standing, future molecular dynamics studies will be invaluable
for exploring the dynamic solvation structure and transport
properties of DMF-aromatic mixtures. These amide-z stacking
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Figure 6. Structures optimized by the MO062X functional. (a) DMF-o-xylene; (b) DMF-m-xylene; (c) DMF-p-xylene; (d) DMF-
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interactions.

interactions could be exploited to guide the design of small-
molecule conformations, enable advanced cocrystal engineer-
ing, and modulate supramolecular host—guest interactions.

B METHODS

First-Principles Calculations. We conducted the geo-
metrical optimizations and the calculations of interaction
energies (E(interaction)) using first-principles calculations.
The Gaussian 16 program®® and ma-def2-TZVP basis set’”*’
were used for ab initio molecular orbital calculations. For
MP2°" and DFT (including LC-wPBE,** LC-BLYP,*’
wB97XD,** B3LYP,”® B3LYP-D3 (B3LYP with EmpiricalDis-
persion = GD3°°), M062X,”” M062X-D3 (M062X with
EmpiricalDispersion = GD3), PBE1PBE,”” PBEIPBE-D3
(PBE1PBE with EmpiricalDispersion = GD3), and

PW6B9SD3' functionals) methods, both structure optimiza-
tion and interaction energy calculations were performed using
the same method. For the structure optimized by CCSD,"® the
interaction energy was calculated using CCSD(T).*” The full
names of the technical abbreviations were provided in the
Supporting Information.

The basis set superposition error (BSSE) was considered for
the dimer energy and corrected using the counterpoise
method.”” The interaction energy between A and B was
calculated as follows: E(interaction) = E(A—B, counterpoise
corrected energy) — E(A) — E(B).

Energy Decomposition Analysis. The interaction
energies calculated by B3LYP-D3 and MO062X functionals
were decomposed and analyzed using XEDA on the XACS
Web site (https://xacsxmu.edu.cn/). The total interaction
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energy was divided into the following components: electro-
static energy (ES), exchange energy (EX), repulsion energy
(REP), polarization energy (POL), Grimme’s dispersion
correction energy (DC), and electron correlation energy
(CORR). These energy components were integrated to obtain
the following four terms: electrostatic term (AE™® = ES),
exchange-repulsion term (AE™* = EX + REP), polarization
term (AEP® = POL), and correlation/dispersion term
(AE©™di® = CORR + DC).

Cambridge Structural Database Statistical Analysis.
Structural statistics were extracted using Conquest’" with CSD
version 5.45. In order to avoid the interference from abnormal
data on statistical results, structures without three-dimensional
coordinates were determined and disordered structures were
filtered. The heat map was generated with Mercury.”

Diamond and Visual Molecular Dynamics. The
distances and angles between molecules in optimized
structures were calculated using Diamond software (https://
www.crystalimpact.de/diamond.). The structures were ana-
lyzed using Visual Molecular Dynamics”” to calculate the root-
mean-square deviation (RMSD).

Materials Studio. We obtained the schematic diagram in
Figure 1 by performing a simple structural optimization with
Materials Studio software (Version 2020; Dassault Systémes
BIOVIA).
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