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Ozet
Bu ¢alismada, [C,C1im][NTf;][1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide] (n=1, 2,
... 8) icin degisen alkali zincir uzunluguna goére elektronik yapi, bazi fiziksel ve optik 6zelliklerin degisimi

Anahtar kelimeler yogunluk fonksiyonu teorisi (DFT) metotlari kullanarak teorik olarak incelendi. Geometrik yapi ve

iyonik sivi; DFT; TD-
DFT; Zayif etkilesme
analizi; Nano yapisal

frekans hesaplamalari poptlasyon analizi ile birlikte DFT-B3LYP/6-311G(d,p) teori ve baz seti
kullanilarak yapildi. indirgenmis yogunluk degisimleri analizi yapilarak iyon ici ve iyonlar arasi hidrojen
baglanmalari ve van der Waals etkilesmeleri gérintllendi. Etkilesmelerin yogun oldugu bolgeler igin
organizasyon geometrik yapi ve titresimsel zellikleri analiz edilerek nano yapisal organizasyonla iliskisi arastirildi.
Becke ylizeyi ve Hirsfeld analizi temel alinarak iyonlar arasi etkilesmelerin karakteristikleri tanimlandi.
Elektronik gecis 6zellikleri zamana bagli yogunluk fonksiyonu teorisi kullanilarak incelendi. Sogurma
spektrumlari ile iyonik sivilarda zincir uzunluguna bagli olarak goézlenen renk degisimlerinin sebebi

actklandi.

Investigation of Dependence of Electronic Structure, Spectroscopic
Features, and Interionic Weak Interactions on Alkyl Chain Length in
[CnC1im][NTF;] (n=1,2, .. 8) lonic Liquids

Abstract

In this work, electronic structure and some physical and optical properties [C,C1im][NTf,][1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide] (n =1, 2, ... 8) were investigated theoretically via

density functional theory calculations within the dependency of alkyl chain length. Geometrical

Keywords
structure and frequency calculations along with population analysis were performed at DFT-B3LYP/6-

lonic liquid; DFT; TD-
DFT; Weak Interaction
analysis; Nano
structural organization

311G(d,p) level of theory. Inter- and intra-molecular hydrogen bonding and van der Waals interactions
were visualized by using reduced density gradient analysis. Geometrical structure and vibrational
features were analyzed in detail for the strong interaction regions, and their relation to nano structural
organization was explored. Characteristics of interionic interactions were fingerprinted on the basis of
Becke surface and Hirshfeld analysis. Electronic transition properties were investigated by time
dependent density functional theory. The reason for colored appearance comes with elongation of
chain length is explained through absorbance spectra.
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1. Introduction lower viscosity. Inorganic (single, non-complexing)
. . . 0
Room-temperature ionic liquids (RT-ILs) are molten salts are liquid |n‘th(‘a 300 to 600 °C range
molten salts that are liquids at or below 100° C whereas the ILs can be liquid at temperatures as
(Plechkova and Seddon 2008). They differ from

common molten salts in terms of the temperature

low as -96 °C. The first realized unique qualities of
ILs were their dissolving capacity, negligible vapor

regime where they are liquids and in terms of their pressure, thermal stability, and electrochemical
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window (Tokuda, et al. 2004; Tokuda, et al. 2005).
Some well-known applications that stem from
above mentioned characteristics of ILs are CO,
capture/activation and subsequent conversion
(Camper, et al. 2008; Yang, et al. 2011b),
stabilization of proteins (Klahn, et al. 2011; Kumar
and Venkatesu 2014; Rawat and Bohidara 2015;
Satish, et al. 2016; Weingartner, et al. 2012),
biomass processing (Schutt, et al. 2017; Wang, et
al. 2012), novel solvents for chemical extraction
and separation (Abbasian, et al. 2017; Tang, et al.
2012), electrolytes for batteries, super-capacitors,
and dye-sensitized solar cells (Ohno 2011;
Shvedene, et al. 2008; Wishart 2009), the
desulfurization of transportation fuels (Kulkarni
and Afonso 2010), and nuclear fuel processing
(James and llya 2009). The field of ILs, actually,
experienced a breakthrough with the synthesis of
imidazolium based ILs by Wilkes and Zaworotko in
1992 (Wilkes and Zaworotko 1992) who found
these ILs to be relatively air and water stable.
Imidazolium-based ILs are also the most widely
studied systems in experiments and computations
in terms of their structure and dynamics (Chew, et
al. 2017; Khakan and Yeganegi 2017; Wu, et al.
2016; Zhou, et al. 2017). The ILs studied in this
work are in the same group. A typical ion pair of
[methyl imidazolium
bis(trifluoromethane)sulfonamide],
[CAC1im][NTf,], with group definitions is given in
Figure 1. The cation in these ILs is often
investigated in two parts as a positively charged
head group (imidazolium ring) and a non-polar tail
(alkyl chain).
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s+ @‘N N=>-=3 Cation
[C,C,im] ,@, Cation
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Tail Head
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©

Figure 1: Group definitions for [C,Ciim][NTf:] ionic
liquids

Imidazolium-based ILs with more than four
carbons in their alkyl chains were observed to

have a nano structural organization by the
aggregation of alkyl chains forming nonpolar
domains and the charge ordering of ionic parts
forming a three-dimensional ionic network in the
liquid state. Additionally, the size of these
heterogeneous regions is proportional to the
length of the alkyl chain (Urahata and Ribeiro
2005; Wang and Voth 2005). To establish the chain
length  dependency of nano  structural
heterogeneities, Lopes and Padua (Canongia
Lopes and Padua 2006) performed a fully
atomistic model to investigate a series of ILs with
1-alkyl-3-methyl imidazolium cation and [PFe]" and
[NTf,] -anions. This heterogeneous structure
picture has also been proven experimentally by
using x-ray diffraction studies by Trioloet al.
(Triolo, et al. 2007), in neutron diffraction
measurements by Deetlefs et al. (Deetlefs, et al.
2006), and in optical heterodyne-detected Raman-
induced Kerr effect spectroscopy (OHD-RIKES)
studies of Quitevis and coworkers (Russina, et al.
2009; Xiao, et al. 2009; Xiao, et al. 2007).

Here we focus on understanding the intrinsic
reasons for nano structural organization in
[ChCiim][NTf;] (n =1, 2, ... 8) ILs and interionic
interactions profile that varies depending on the
alkyl chain length. Some studies already suggest
that multiple hydrogen bonding occur between
ion pairs by considering only the distances
between atoms. However, it is not very
satisfactory to address this issue by only
geometrical interpretations. Although, we also
investigate the geometry of single molecules to
have a first idea about possibly highly interacting
regions, we interpret the nature of interionic
interactions. These regional interactions are based
on three powerful intermolecular interaction
analysis methods: reduced density gradient,
Hirshfeld, and Becke surface analysis. Then, some
reasonable connections between nano structural
organization, interaction profile, and
spectroscopic features of single molecules were
established.

2. Material and Methods
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2.1 Computational Details

All calculations were carried out by using Gaussian
09 software (Frisch, et al. 2009). Molecular
structure, molecular orbitals, calculated spectra,
and surfaces and counters were visualized in
Gauss view 5.0 (Roy Dennington 2009). It has been
known by experience that the utilization of the
gradient corrected density functional theory (DFT)
with the Becke’s three-parameter hybrid
functional (B3) for the exchange part and the Lee-
Yang-Parr (LYP) correlation function is a cost
effective approach to obtain satisfactory results in
the calculation of molecular structure,
frequencies, and related thermochemical
functions (Karabacak, et al. 2008; Shoba, et al.
2011; Swaminathan, et al. 2010). To estimate the
best molecular wave function guess, 6-311
Gaussian combination for the core and shell
molecular orbitals, d polarization for the C and N
atoms and p polarization for the H atoms were
combined. Thus, DFT B3LYP/6-311G(d,p) level of
theory used in optimization and frequency
calculations with full population analysis and
nonlinear optical properties. The electronic
properties were determined via TD-DFT
calculations at the same level of theory.

2.2 Weak Interaction Analysis

Non-covalent interactions were obtained mapping
the reduced density gradient (RDG)

_ |1 [Vo(r)|
s(r) = [ /2(37r2)1/3]/[ /p(r)4/3]
(1)

onto the p(r).sign(4,) quantity as suggested by
Johnson et al. (Sarangi, et al. 2010) using Multiwfn
3.3.6 (Lu and Chen 2012). Visualization of these
interactions in a color coded pattern was
produced in VMD (Humphrey, et al. 1996)
program.

2.3 Hirshfeld and Becke surface analyses

The main purpose of these analyses is to obtain
the inter-fragmental interactions and differentiate

the hydrogen bonding interactions from van der
Waals (vdW) interactions (Spackman and Byrom
1997; Spackman and Jayatilaka 2009). Atomic
Hirshfeld weighting function of an atom is given by

0
Hirsh _ _pam)
Wi =g 2

where p(r)denotes the density of atom A in free-
state. Hirshfeld weight of the fragment (anion or
cation in our case) is then written as

wHTSh (1) = Y acp Wi () (3)

Hirshfeld surface of fragment P is just the
isosurface of wH"(r) = 0.5. In the case of
Becke surface analysis, Becke weighting function
is used instead (Becke 1988). Using Hirshfeld
surface analysis, a unique real space function
normalized contact distance can be defined as

vdw
d _ it de—rFW ()
norm — rvdW rVdW
i e

where d; and d,, are distances from a point on the
surface to the nearest nucleus inside and outside,
r7Wand r7%Ware the vdW radiuses of the
corresponding two atoms. Intermolecular contact
points, thus, can be determined by the small
values of d;pr-m- A plot of d; versus d, , named
fingerprint plot, produces a pair of peaks for each
hydrogen bonding type interactions and the color
coding indicates the strength of interactions
(Spackman and McKinnon 2002).
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3. Results and Discussions

3.1. Geometrical structure and vibrational
spectra

Optimized structures of [C,C1im][NTf;] (n=1, 2, ...
8) ILs calculated DFT B3LYP/6-311G(d,p) level of
theory are presented in Figure 2.
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Figure 2: Optimized geometrical structures

There is not any significant variation in the
structure of anion in any case. Actually, [NTf,]
anion has cis and trans geometry in isolated form,
and trans form is lower in energy. In the case of
trans form, trifluorosulfonate groups are in
asymmetric positions. This configuration of anion,
though, causes weaker interionic interactions
because more electronegative sections of anion
are further away from the polar head of the
cation. Therefore, the anion is always considered
in cis form. Nonpolar tail in cations elongates
linearly without any significant bending. The most
essentially expected interionic interactions which
can have impact on the structure of ILs are
hydrogen bindings and vdW interactions. Possible
regions for these interactions to occur are the
region between nitrogen of anion and hydrogen
on the near side of the ring, the region between
methyl group on the polar head and the oxygen in

anion, and any other interaction might occur
between the anion and hydrogens on tail. Our
interest is to answer the questions of what are the
types of these interactions, do they multiply exist,
and how these interactions vary with increase in
chain length. Table 1 summarizes bond length
parameters for critical regions in cation, anion,
and interionic region depending on the increase in
chain length.

THead C—H, €Xpected to experience a strong
potential because of just being at the center of
interionic region, is not varied significantly with
the change in the chain length. 7yead1 c—H/
parameters belong to methyl group remains
unchanged. A clear dependency on the chain
length is observed in -_ of tail end methyl group
parameters; it increases with increasing number
of carbons on the chain up to fourth carbon then
remains the same. This is a very meaningful result
in terms of nano structural organizational nature
observed in these ILs. According to experimental
results from small & wide angle X-ray scattering
data (Triolo, et al. 2007), and optical Kerr effect
spectroscopy results (Xiao, et al. 2007; Xiao, et al.
2008; Yang, et al. 2011a), and theoretical
explanations brought out by molecular dynamic
simulation studies (Canongia Lopes and Padua
2006) nano structural organization is observed in
imidazolium based ILs with n =4 or more. ILs with
longer tail thus separated into two distinct, polar
and nonpolar, regions. This situation is true for the
bulk state of the material as well as for the
individual molecular scale. The hydrogens in tail
are under influence of a strong potential due to
interionic interactions in shorter sections of the
tail, and the hydrogens in further carbons are
affected by much weaker external forces.
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Table 1 : Variations in bond lengths for critical regions in cation, anion, and interionic region depending on the

increase in chain length

Bond lengths (A) n=1 n=2 n=3 n= n=5 n=6 n=7 n=8
Cation

Head C-H 1.0931 1.0931 1.0924 1.0923 1.0924 1.0923 1.0921 1.092
Head1 C-H 1.0896 1.0901 1.0896 1.0896 1.0897 1.0896 1.0905 1.0897
Tail1 C-H 1.0894 1.0877 1.0884 1.0882 1.0882 1.0884 1.0883 1.0883
Tail2 C-H 1.0899 1.092 1.0927 1.0926 1.0926 1.0924 1.0925
Tail3 C-H 1.0919 1.0972 1.0982 1.0981 1.0951 1.095
Tail4 C-H 1.0927 1.0956 1.0966 1.0965 1.0965
Tail End C-H 1.0938 1.0942 1.0943 1.0944
Anion

Head N-S 1.6234 1.6237 1.624 1.6236 1.6236 1.6236 1.6237 1.6235
Tail N-S 1.6198 1.6174 1.6193 1.6189 1.6179 1.6184 1.6184 1.6182
Head S-O 1.4682 1.467 1.4679 1.4679 1.4677 1.4678 1.468 1.468
Tail S-O 1.4684 1.4685 1.4678 1.4678 1.4677 1.4675 1.4675 1.4675
Intermolecular

N-H 1.9692 1.963 1.9717 1.9734 1.9653 1.9692 1.9695 1.9675
Head O-H 2.0945 2.0921 2.1119 2,117 2.1161 2.1237 2.1249
Tail O-H 2.4163 2.4371 2.4499 2.4689 2.4565

Interestingly, the bond lengths in anion remain
unchanged as the cation varies from [C:Ciim]* to
[CsCiim]*. The bond angles or dihedral angles also
do not change depending on variation in chain
length. This is due to [NTf;]" anion consisting of
highly electronegative atoms which makes the
intramolecular interactions strong, thus not to be
affected by interionic interactions.

Intermolecular bond lengths recorded here are
basically between the nitrogen of anion and
hydrogen in head group, and oxygens of anion and
hydrogen of head methyl group or first chain of
tail. These parameters are commonly taken as
hydrogen bonding; however it is not safe to decide
by only interpretation of bond lengths. Remaining
parts of our study strictly focuses on addressing
this issue.

From the perspective of nano structural
organization, the tail part should be isolated from
polar network; however it cannot be a sharp
transition. IR and Raman spectra of ILs are given in
Figure 3 shows that v-_p stretching bands (given
as inset) varies depending on the chain length. The
shift in the peak position to lower frequency
(nearly 40 cm™) is a result of weakening of the

external potential.

Vibrational wavenumbers corresponding to each
peak were also analyzed. Frequencies of anion do
not change as its geometrical parameters.
Vibrations show slight deviations are only the
methyl group vibrations either on the head or end
of tail. Intermolecular vibrations also show some
deviations, but they are more like fluctuations

among ILs without any meaningful order.
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Figure 3: IR and Raman spectra obtained from DFT
calculations.

3.2. Interionic interaction analysis
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A very intuitive way of analyzing the results of
quantum chemistry calculations is to use the
reduced density gradient (RDG) analysis. Through
this analysis, the weak interactions such as
hydrogen bonding, vdW, 7w-m, and dispersion
interactions other than covalent bonding can be
visualized clearly. As introduced by Johnson et
al.(Johnson, et al. 2010), RDG is a dimensionless
quantity measuring the deviation of electron
density from uniform electron gas. These
interaction types can be visualized using VMD
program and color mapped as the strongest
repulsions are represented with red and the
strongest attractions are represented with blue
and mild interactions are colored depend on their
strength. Figure 4 shows a steric effect at the
center of imidazolium ring and multiple complex
interactions between ions. There are also some
strong intramolecular interactions appears in
[NTf,]" anion. The strongest interionic interaction
occurs clearly between nitrogen of anion and the
hydrogen on the ring which was resulted in
average bond length of 1.9686 A. Interactions
between the anion and hydrogens of second and
further carbons of the tail are vdW interactions.
The type of interactions between oxygens of anion
and the hydrogens in methyl group in polar head
side and the hydrogen in the first carbon on tail is
not clear.

Figure 4: The color map of weak interactions

We used two more interfacial region orientated
methodology to analyze the interfacial region
between ions. Figure 5 shows the visualization of
Becke surfaces in red-green-blue scale. In these
figures, left side shows the methyl group-anion
interfacial region, and right side shows that of tail-
anion as oppose to molecular configuration given
in Figure 2. Blue spots clearly exist on each surface
indicate a strong hydrogen bonding between ions.
This is an expected outcome according to results
of geometrical analysis. Geometrical parameters
in Table 1 indicate some bonding between in other
regions, and RDG analysis leave a grey area for
interpretation on the type of these interactions.
Becke surface analysis clarifies this issue with a
quite clear visualization. This analysis brings out a
well determination of vdW interactions as well.
[C:C1im][NTf,] has only two distinct vdW
interactions with very near intensity. The
interaction in methyl group-anion interfacial
region is always strong. On the other hand, the
vdW interactions in anion-tail interface are
modified in [C,C;im][NTf;]; a second slight green
spot starts to appear and the fist spot becomes
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weaker. The second vdW interaction becomes
more distinctive after [C3C1im][NTf,] and remains
same for the longer chain ILs. The interfacial
interaction profile for the ILs with n=4 or more,
thus, is the same.

Figure 5: Becke surfaces representing the interfacial
region between ions

Although, the color coding in Becke surface
analysis is powerful in separation between
different types of interactions, there is still some
user dependency in determination of color scale.
To overcome this ambiguity, we employed
fingerprint analysis for interionic interactions.
Fingerprint analysis assign a peak pair for each
hydrogen bonding and gives the intensity of vdW
interaction in color scale. Figure 6 shows the
fingerprint plot of [C,Ciim][NTf;] ILs. In these
figures, x and y axes correspond to d; and d,,
respectively (See Section 2.3 for details). It can be
seen that there is only one pair of peaks in all
plots, strictly suggesting occurrence of a single
hydrogen bonding between ions. The lower peak
isatd; = 1.18 > d, = 0.80 and higher peak is at
d; =18 >d, = 0.9 shows that the hydrogen
bonding occurs between N-H (Maloney, et al.
2014; McKinnon, et al. 2007; McKinnon, et al.
2004). Fingerprint analysis indicates that strength

of interactions in [C:Ciim][NTf,] is significantly
weaker than that of any other IL, and the coloring
of the plots are the same for all remaining ILs. This
shows that although the fingerprint analysis is
very powerful in determination in number of
hydrogen bonds, not very promising in analysis of
vdW interactions.

Figure 6: Fingerprint analysis of intermolecular
interactions

3.3. Electronic structure properties and colors

Optical and spectroscopic applications require no
color in ILs while some other usage of ILs in
photovoltaics or electrochemical industries
benefit from their color. Therefore, it is a critical
issue to define their electronic structure
properties that are related to their color nature.
On the other hand, some ILs expected to be
colorless show some slight yellowish color which
is a problematic issue in spectroscopic
applications (Earle, et al. 2006). This slight color
results in an extension of absorption spectra to the
wavelengths longer than 400 nm in experimental
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UV-Vis spectra. Some cases, this extension resides
as a significant background that indicates the color
observed may results from impurities in the
liquids. Figure 7 shows TD-DFT calculation results
on UV spectral characteristics of title ILs. y-axis is
specifically given as logarithmic to scale up the
near zero extension part of the spectra. First of all,
UV spectra of all ILs looks same except that of
[CsCiim][NTf;]. The reason for this deviation
cannot be explained within the content of this
study; it requires a deeper analysis on density of
states and molecular orbital composition.
Nevertheless, none of UV spectra extends to
visible region, thus indicating that any color might
be observed in these ILs are not due to their
nature but rather from impurities.
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Figure 7: Calculated UV spectra

The relation between the electronic structure and
the alkyl chain length is also observed in
evaluation of HOMO-LUMO band gaps. As can be
seen in Table 2, AE = E;yymo — Enomo Vvalues
decreases on going from [C;Ciim][NTf,] to
[C3C1im][NTf,], then remains the same for any
longer chain IL. Similar trend was observed in the
Becke surface analysis.

Table 2: Dependency of HOMO, LUMO, and AE
energies on the chain length

Chain HOMO LUMO AE AE
Length (eV) (eV) (eV) (nm)
n=1 -7.55 -1.60 5.95 208.38

n=2 -7.54 -1.53 6.01 206.30
n=3 -7.55 -1.50 6.05 204.90
n=4 -7.54 -1.48 6.06 204.60
n=5 -7.54 -1.48 6.06 204.60
n=6 -7.54 -1.48 6.06 204.60
n=7 -7.53 -1.47 6.06 204.60
n=8 -7.53 -1.47 -6.06 204.60

4. Conclusions

Geometrical structure, vibrational characteristics,
intermolecular interactions, and electronic
absorption properties of [C,C1im][NTf;] (n=1, 2, ...
8) ILs were investigated through DFT and TD-
DFT/B3LYP-6311G(d,p) quantum calculations
within the dependency on the alkyl chain length.
The variations in bond lengths and vibrational
frequencies for the interfacial region and the tail
end show a well agreement to nano structural
nature of these ILs. Through a complementary and
intuitive analysis of intermolecular interactions via
RDG, Becke surface, and fingerprint analyses,
existence of a single hydrogen bonding between
ions and multiple vdW interactions is proven. The
slight color observed in [C,C1im][NTf;] in bulk state
is most likely due to impurities and not a result of
intrinsic property of them.
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