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ABSTRACT: Imidacloprid, the world’s leading insecticide, has been
approved recently for controlling infectious disease vectors; yet, in
agricultural settings, it has been implicated in the frightening decline of
pollinators. This argues for strategies that sharply reduce the environ-
mental impact of imidacloprid. When used as a contact insecticide, the
effectiveness of imidacloprid relies on physical contact between its crystal
surfaces and insect tarsi. Herein, seven new imidacloprid crystal
polymorphs are reported, adding to two known forms. Anticipating that
insect uptake of imidacloprid molecules would depend on the respective
free energies of crystal polymorph surfaces, measurements of insect
knockdown times for the metastable crystal forms were as much as nine
times faster acting than the commercial form against Aedes, Anopheles, and
Culex mosquitoes as well as Drosophila (fruit flies). These results suggest
that replacement of commercially available imidacloprid crystals (a.k.a. Form I) in space-spraying with any one of three new
polymorphs, Forms IV, VI, IX, would suppress vector-borne disease transmission while reducing environmental exposure and harm
to nontarget organisms.

■ INTRODUCTION
Insecticides are frequently harmful to nontarget organisms and
their accumulation in the environment is inconsistent with the
United Nations roadmap to a sustainable world by 2030.1

Meanwhile, the achievement of sustainable development goals
(SDG) such as “zero hunger” and “good health and well-being”
is linked to the control of pests, paradoxically by using
chemical insecticides. The neonicotinoid class of insecticides is
increasingly used for controlling infectious disease vectors2 as a
response to the widespread resistance of vectors to
pyrethroids,3 mainstays of public health officials since the
1970s.4 In recent years, the World Health Organization
(WHO) introduced two neonicotinoid insecticides, imidaclo-
prid (IMI; 1-[(6-chloro-3-pyridinyl)-methyl]-N-nitro-2-imida-
zolidinimine; Figure 1) and clothianidin, for the control5 of
dengue fever and malaria, which afflict 3906 and 2007 million
humans per year, respectively. IMI is now used in indoor and
outdoor space sprays to control the Aedes mosquito,8 a vector
for dengue, chikungunya, yellow fever, and Zika virus.7 IMI
also has the potential to control Anopheles and Culex
mosquitoes,9 vectors for malaria and lymphatic filariasis,
respectively. In space spray applications, IMI functions as a
contact insecticide wherein insects absorb the toxicant
molecules through the direct contact of tarsi with the surfaces
of IMI microcrystals.10,11 Once absorbed and transported
through the hemolymph, IMI binds to nicotinic acetylcholine

receptors (nAChRs) in the central nervous system, a unique
mode of action for insecticides.12

High insecticidal potency and low mammalian toxicity12

have ensured the popularity of IMI (the world’s leading
insecticide),13 with registrations in more than 120 countries.14

As a foliar spray, in which IMI controls phytophagous
agricultural pests systemically as well as through contact,10,11

IMI has contaminated soil15 as well as surface and under-
ground water,16 and it threatens the survival17 and
reproduction18 of birds. Moreover, the extensive use of IMI
in agriculture appears to be connected to a decrease in insect
biomass19,20 and especially worrying declines in bee
colonies,21−24 known as colony collapse disorder (CCD).
The science of CCD is complex. Mites and viruses, in addition
to neonicotinoids, have been implicated pollinator declines,
but even sublethal exposures of IMI and other neonicotinoids,
through systemic contamination of plants, likely compromise
colony viability by affecting the diversity of the food supply or
bee immune health, or both.25
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France has adopted the precautionary principle and banned
IMI and four other neonicotinoids26 out of concern that CCD
threatens the global food supply. The United States has not
been as aggressive as the European Union in restricting
neonicotinoids. As uncertainties about the science linger,
companies may continue to market IMI. This argues for
science-based strategies that enhance IMI contact activity
while reducing the amount used, with concomitant reductions
in its exposure to nontarget organisms. Herein, we
demonstrate that new crystal polymorphs (a.k.a. Forms) of
IMI can be more effective and used in reduced amounts,
consistent with integrated pest management (IPM) strat-
egies.27

The efficacy of IMI applications, such as outdoor residual
spraying for vector control,28 depends upon the uptake of IMI
by the insect when contacting the crystal surfaces. The speed
of contact activity of IMI is regarded as slow, however.2 This
characteristic enables the survival of pests and vectors after
contact with IMI crystals, leading to continued crop damage
and disease transmission, respectively, as well as the develop-
ment of resistance. We previously illustrated that the activity of
organochlorine,29,30 organofluorine,31 and pyrethroid insecti-

cides32 can be increased substantially with metastable crystal
forms, capitalizing on higher crystal free energies to surrender
surface toxicant molecules more readily to insect tarsi upon
contact. Herein, we describe the discovery of seven new IMI
polymorphs that are more lethal than the common Form I
found in commercial formulations. Insect lethality assays of
these polymorphs, prepared easily by cooling melts or from
solution, and spanning a range of metastabilities, reveal that
some of the new forms act much more rapidly than Form I
against the common fruit fly Drosophila and the disease vectors
Aedes, Anopheles and Culex mosquitoes. Moreover, the new
polymorphs exhibit kinetic stability (persistence) at ambient
temperatures, promising improved effectiveness of IMI in a
variety of formulations. The results here illustrate that control
of IMI polymorphism may be a sustainable strategy for
improving its contact efficacy while reducing the quantity of
IMI required, providing a pathway to delay the onset of
resistance and minimize environmental and ecological impact.

■ RESULTS AND DISCUSSION
New Polymorphs of Imidacloprid. Despite the consid-

erable study and wide use of IMI as a contact insecticide, only

Figure 1. Imidacloprid polymorphism. Molecular structure of imidacloprid (IMI) is shown on the upper left corner. The melting points and
crystallization methods are labeled next to each polymorph. Polarized-light optical micrographs of samples confined between glass slides are labeled
with *, which include spherulites of Form IX, chaotic textures of Form V, and flat crystalline domains of Form II grown from the melt at ambient
temperature. Single crystals of Forms I, III, IV, and V grown from melt in the presence of respective crystal seeds were prepared on a microscope
hot stage at 135, 130, 126, and 120 °C, respectively. Form VI was obtained through cross-nucleation on Form III in the melt at 90 °C. Form VII
was obtained by seeding nano-Form VII confined in controlled pore (200 nm) glass into the melt at 60 °C. Single crystals of Forms VIII and IX
grown from melt at 85 and 70 °C, respectively. Polymorphs with Aedes mosquitos are selected for lethality measurements. The median knockdown
times (KT50) for female Aedes are given in minutes.
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two crystal structures have been determined, both measured at
ambient temperature and designated as Form I33,34 and Form
II.35,36 Solution crystallization37 of IMI from a variety of
organic solvents produced Form I, while Form II and a new
polymorph, Form IV, can be obtained from acetone and
ethanol solutions, respectively (SI, Table S1). Melt crystal-
lization32,38,39 resulted in the formation of other new
polymorphs. Commercial IMI (Sigma-Aldrich) Form I
confined between glass slides was melted at ca. 180 °C,
above its melting point (Tm(Form I) = 143 °C) on a
microscope hot stage. The melt subsequently was allowed to
cool to ambient temperature (25 °C), resulting in the
emergence of polycrystalline spherulites,40 composed of
twisted41,42 needles, after 1 week (Figure 1). Micro-Raman
spectroscopy (of the N−H stretching region) and powder X-
ray diffraction (PXRD) confirmed that the spherulites were a
new polymorph, herein designated as Form IX (Figure 2; SI,
Figures S1−S3). On rare occasions, chaotic polycrystalline
fibrils of a new polymorph, Form V (Figure 1), and flat
crystalline domains of Form II (Figure 1), also crystallized
from the melt. The polymorphs were designated according to

their melting points, which were measured visually on the
microscope hot stage.
The complete crystallization of IMI melt confined between

glass slides required roughly one month at 25 °C due to its
nearby glass transition temperature at Tg = 15 °C (SI, Figure
S4). Crystallization could be accelerated, however, by removal
of the upper cover slide after the melt was cooled. Form IX
needles emerged from the melt droplets on uncovered glass
slides after 2 days at ambient temperature, continuing to grow
for 1 week. Form IX is stable in open air for up to six months
at ambient temperature, although on rare occasions, Form IX
crystals transformed after one month to other polymorphs,
which micro-Raman and PXRD revealed were the known
Forms I and II as well as five new polymorphs, herein
designated as Forms III, IV, V, VI, and VIII (Figure 2; SI,
Figure S1 and S2). Alternatively, Form IV could be prepared
through heterogeneous nucleation by introducing a seed
crystal of commercial clothianidin (Tm = 179 °C), another
leading neonicotinoid insecticide, to the IMI melt at 60−100
°C (SI, Figure S5). Curiously, seeding of melts with Form III
crystals at 70−100 °C afforded selective cross-nucleation43−45

Figure 2. Spectroscopic characterization. (a) Raman spectra revealing the N−H stretch in IMI polymorphs. (b) Powder X-day diffraction patterns
of IMI polymorphs. Powders were loaded into a Kapton capillary.

Figure 3. Intermolecular packing motifs in the IMI polymorphs. (Parts a−h) Form I (a), II (b), III (c), IV (d), V (e), VI (f), VIII (g), and IX (h).
Atom color: carbon (gray, pink, orange, and magenta for crystallographically independent molecules, respectively); hydrogen (light gray); oxygen
(red); nitrogen (cyan); chlorine (green). Hydrogen bonds are represented by orange dash lines.
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of another new polymorph, herein designated as Form VI
(Figure 1; SI, Table S2). Form III could in turn be obtained by
cross-nucleation on Form VI at ambient temperature (SI,
Figure S6). Nanoconfinement of the IMI melt in controlled
pore glass beads46 (CPG, pore size = 35, 100, or 200 nm) at
ambient temperature produced another new polymorph, Form
VII, which was not observed in bulk crystallizations. The
Raman spectroscopy and PXRD data confirmed that the
confined Form VII was distinct from all other IMI polymorphs.
Form VII confined within CPG beads was stable for at least
one month at ambient temperature, eventually transforming to
Form I. Addition of the CPG beads containing seeds of Form
VII to an IMI melt at 60 °C nucleated large needles of Form
VII (Figure l) that grew free from the glass. The needles were
identified by Raman spectroscopy as the same phase as the
nanoscopic particles in the glass. Rapid cross-nucleation (<10
min.) of Form II on the Form VII needles, however, prevented
harvesting of Form VII crystals for single crystal X-ray
diffraction analysis (SI, Figure S7). Melt crystallization above
85 °C afforded Form VIII (Figure 1).
Structural and Conformational Analysis of IMI

Polymorphs. Seven of the nine IMI polymorphs (Form II
was not redetermined and Form VII was not stable) were
prepared as single crystals amenable to single-crystal X-ray
diffraction at 100 K (SI, Figure S8). Single crystals of IMI
polymorphs III, IV, V, VI, VIII, and IX for structure
determination were obtained by melt crystallization from
seeds (Figure 1; SI, Figure S9). The crystal structure of Form I
determined here at 100 K was essentially identical to its
structure determined previously at room temperature.33 All
eight polymorphs were refined in the centrosymmetric space
groups of P21/c (or its nonstandard setting P21/n) or P1 (SI,

Figure S10 and S11, Table S3). Although the nitroguanidine
group in IMI potentially can adopt two tautomeric forms (SI,
Figure S12), all the crystal structures contained the tautomer
illustrated in Figure 1, featuring a double bond exocyclic to the
imidazolidinyl ring with an intramolecular NH···O(nitro)
hydrogen bond. The NH hydrogen atoms were located in
the difference synthesis. The tautomers were also easily
distinguished from the bond lengths of the heavy atoms.
One tautomer would have a C1=N1 double bond that would
be shorter than its N1−N4 single bond. The other tautomer
would have a C1−N1 single bond considerably longer than an
N1=N4 double bond. The observed values are consistent with
C=N and N−N bonds. Moreover, the planar six membered
rings are consistent with an intramolecular N−H−O hydrogen
bond with an endocyclic C=N double bond. This observed
IMI tautomer has only one hydrogen bond donor (N−H) but
four potential acceptors−two nitro group oxygens, the pyridyl
nitrogen, and the exocyclic guanidine nitrogen.
The intermolecular hydrogen bonds differ substantially

among polymorphs (Figure 3). IMI molecules in Forms I, II,
and III are organized as zigzag chains, head-to-head bilayers,
and head-to-head columns, respectively. One dimensional
intermolecular hydrogen-bonded chains (catemers) adopt a
herringbone arrangement in Forms IV, V and VI. Intra- and
intermolecular hydrogen bonding between the imidazolidinyl
and nitro groups in Forms VIII and IX results in dimers.
The intramolecular N−H···O hydrogen bond in the

nitroguanidine group of all eight IMI polymorphs results in a
pseudo six-membered ring (Figure 4a), which restricts the
conformational freedom about the N1−N4 bond. The
preference for one tautomer also restricts the N1−C1 bond.
Therefore, the flexibility primarily arises from the two variable

Figure 4. Conformational analysis and thermodynamic stabilities of IMI polymorphs. (a) Torsional angles are indicated by θpy and θimi. (b)
Relative energy (kJ mol−1) as a function of the torsional angles for the IMI molecule based on constrained DFT optimizations. The conformers
present in the IMI polymorphs (colored diamonds) are not always near the global minimum (black circle) or local minima (white circles)).
Intermediate low-energy contours are shown as dotted lines to highlight the energy basins near the local minima. (c) Summary of phase
transformations among IMI polymorphs at and above ambient temperature. Arrows correspond to transformations via motion of an interface after
nucleation of a new phase was detected. Polymorph free energies relative to Form I were estimated from ΔG = (Tm(I) − Tm)ΔH/Tm(I), where Tm(I)
is the melting point of Form I, Tm the melting points of the various crystal forms, and ΔH = 28.12 kJ mol−1, the heat of fusion measured for Form I.
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torsional angles defined by C9−C5-C4−N2 and C1−N2-C4−C5

atom sequences between the pyridyl and the imidazolidinyl
rings, herein designated as θpy and θimi, respectively (Figure 4a;
SI, Table S4).
The relative gas phase energies of the IMI conformers in the

polymorphs were calculated using density functional theory
(DFT) (see Methods), adding six new experimental structures
to those reported previously for Form I and II.33 Conformer
energies were determined as a function of θpy and θimi angles
(Figure 4b, SI) as previously obtained.47,48 The fixed θpy and
θimi torsional angles are defined as previously reported;48 all
other degrees of freedom were allowed to relax. The observed
conformers are not found near the local minima (except for
Form V), with energies that span a range of more than 15 kJ
mol−1 (Figure 4b).
Thermodynamic Stability and Free Energy Ranking.

IMI polymorphs are typically stable for at least 6 months under
ambient air and temperature. Although the polymorphic forms
were distinguishable by the morphologies and interference
colors between crossed polarizers, their identity and any phase
transformations were corroborated by micro-Raman spectros-
copy and PXRD. Form IX held at 95 °C on a microscope hot
stage in air was transformed to Form V in 3 min, which then
was converted to Form I at 110 °C in 2 min (SI, Figure S13).
Form I also was nucleated directly on the surface of Form IX at
T > 70 °C. Form IX crystals grown while confined between
glass slides were transformed to Form I, V, or VI at 80 °C
within 1 min (SI, Figure S13). Surprisingly, Form IX only
occasionally transforms to Forms II, III, or VIII at ambient
temperature despite having conformers in the same energetic
basin (Figure 4b), suggesting nucleation is frustrated by an
energy barrier associated with both intra- and intermolecular
changes. Form VI was transformed to III when they were in
contact at 110 °C. All Forms II−IX were observed to
transform to Form I in some trials upon being heated in a
hot stage or differential scanning calorimeter (DSC),

corroborating commercial Form I as the most thermodynami-
cally stable (SI, Figure S4).
The melting points of the polymorphs range from 99 ≤ Tm

≤ 143 °C (Figure 1), reflecting a wide range of crystal free
energies (Figure 4c). The free energy ranking discerned from
the melting points (I < II < III < IV < V < VI < VII < VIII <
IX) is in accord with the ranking deduced from the phase
transformation behavior (Figure 4c). This order contrasts with
the order of the relative energies of the aforementioned gas
phase molecular structures of the IMI conformers observed in
the polymorphs (Figure 4b), illustrating that crystal
thermodynamic stability rankings in these cases depend less
on the molecular conformation than on intermolecular
interactions.

Lethality Ranking of IMI Polymorphs. IMI Forms IV,
VI, and IX, which span a wide range of free energies (Figures 1
and 4c), were selected for lethality comparisons with the
commercial Form I, because these forms were readily prepared
from the melt and were kinetically stable against trans-
formations to other polymorphs. Female fruit flies (Drosophila
melanogaster), a common pest considered to be a reliable
mosquito proxy for insecticide development,49 were exposed in
tarsal assays to 2.00 mg of nearly monodisperse (ca. 10 μm)
microcrystals of each IMI polymorph, distributed uniformly on
the bottom surfaces of separate 35 mm-diameter polystyrene
Petri dishes (SI, Figure S14). Fruit flies exhibited tremors after
contacting IMI, followed by prostration, then knockdown.13 A
video camera was used to record the knockdown times for each
insect. KT50 values, the times required for 50% of the insects to
become immobile and supine, were calculated by logistic
regression (SI, Figure S14).50 Shorter KT50 values correspond
to greater lethality. The KT50 values spanned the range of
562−99 min, decreasing in the order Forms I > IV > VI > IX
(Figure 4a; SI, Table S4). Accordingly, Forms IX, VI and IV
were 5.7, 2.5, and 1.8 times faster-acting than Form I.
Female Aedes aegypti, Anopheles quadrimaculatus, and Culex

quinquefasciatus mosquitoes were approximately 20 times more

Figure 5. Lethalities of IMI polymorphs against (a) Drosophila melanogaster, (b) Aedes aegypti, (c) Anopheles quadrimaculatus, and (d) Culex
quinquefasciatus. Each symbol corresponds to one female. Dashed lines indicate logistic regression of knockdown-time curves. The median
knockdown time for each curve is denoted by its intersection with the horizontal KT50 marker. Insets: Photographs of typical female mosquitoes.
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susceptible to IMI than Drosophila. The knockdown behavior
observed for mosquitoes exposed to 0.10 mg of IMI
microcrystals paralleled that of Drosophila (Figure 5a) but
with steeper slopes for the knockdown-time curves (Figure
5b−d; SI, Table S4). KT50 values decreased in the order Forms
I > IV > VI > IX for all three mosquitoes, with the same
ordering observed for the fruit flies. Accordingly, Forms IX, VI,
and IV are more than 6, 3, and 2 times faster than Form I for
mosquitoes. Notably, the KT50 values for Aedes exposed to
Forms I and IX microcrystals were 643 and 70 min,
respectively, a ratio of 9.2.
Aedes and Drosophila exposed to IMI vapor remained viable

with no nerve firing symptoms after 12 h (SI, Figure S15),
corroborating the reported low vapor pressure and inactive
vapor phase of IMI.13 Therefore, the different lethalities of IMI
polymorphs can be attributed to the rate of uptake of
molecules from crystal surfaces upon contact with the insect
tarsi. The remarkable decrease in knockdown times of
metastable polymorphs indicates that the rate-limiting step in
the contact exposure of IMI is the detachment of molecules
from crystal surfaces, consistent with the correlation of the
KT50 values with the crystal free energies (Figures 1 and 4c).
Current gains in infectious disease control are greatly

threatened by the widespread resistance to conventional
insecticides,3 such as pyrethroids. The recent outbreaks and
spread of Zika virus51,52 and yellow fever53 transmitted by
Aedes mosquitoes also pose new challenges to public health.
Meanwhile, mosquito metabolism and population size will
increase sharply in many regions as the planet continues to
warm,54 requiring more effective vector control. Fast action is
an important consideration for public health insecticides, as
vectors need to be quickly incapacitated to interrupt disease
transmission. The efficacy of clothianidin, the other neon-
icotinoid used as the latest chemical weapon for vector
control,5 has been compromised due to the development of
resistance.55 Therefore, improving the efficacy of IMI is critical
for mitigating vector resistance to neonictonoids. Previously,
we reported simulations which demonstrated that a more
active polymorph of deltamethrin could have a substantial
impact on malaria-transmitting Anopheles mosquitoes.32 These
epidemiological models, however, are not readily translated to
Aedes mosquitoes owing to their more complex life cycles and,
to our knowledge, the absence of important parameters
required for modeling. Nevertheless, the new IMI polymorphs
reported here significantly increase the contact activity of IMI,
minimizing its knockdown time.2 The increased uptake speeds
of IMI molecules from metastable polymorphs are expected to
quickly saturate overexpressed detoxification enzymes,56 there-
fore ensuring that a lethal dose will reach the target site and
circumvent nascent insecticide resistance.

■ CONCLUSIONS
Seven (Forms III−IX) new polymorphs of the world’s leading
insecticide, imidacloprid (IMI), were discovered, adding to the
two previously known forms, one of which is used
commercially. The solid-state structures of six of these seven
forms (Forms III−VI, VIII, and IX) were determined by single
crystal X-ray analysis. The relative stabilities of the nine
polymorphs (Forms I−IX) were deduced from melting points
and solid-state phase transformations. The contact insecticide
efficacy of three of the newly discovered forms were compared
with the commercial Form I against Drosophila as well as
Anopheles, Aedes, and Culex mosquitoes. The knockdown times

were inversely correlated with the thermodynamic stabililty
ranking of the four polymorphs, consistent with more rapid
delivery of the toxicant molecules from less stablecrystal
surfaces to the insect tarsi. Notably, Form IX is easy to prepare
and its microcrystals are stable against transformation in air for
at least six months, suggesting this polymorph is a viable
candidate for improved infectious disease control while
reducing environmental exposure and associated harm to
nontarget organisms.

■ METHODS SECTION
Crystallization of IMI Polymorphs. Single crystals of IMI Forms

II, and IV were prepared in 20 mL glass vials by slow evaporation
from saturated acetone and ethanol solutions at ambient temperature,
respectively (SI, Table S1). Alternatively, Form IV could be prepared
by seeding crystalline clothianidin (the commercial form) to the IMI
melts at 60−100 °C. Forms III and V were prepared by phase
transformations from Form IX at RT. Single crystals of Form VI were
prepared by seeding Form III crystals in melts at 70−100 °C. Form
VII was prepared by nanoconfinement of the melts using controlled
pore glass (CPG, pore size = 35, 100, or 200 nm) at 180 °C in a DSC,
then cooling to ambient temperature. The bulk Form VII was
obtained by seeding Form VII confined in CPG to the melt at 60 °C.
Forms VIII and IX were prepared by holding the supercooled melt on
glass slides at 25−80 and 85 °C, respectively. Single crystals of IMI
polymorphs for X-ray analysis were prepared by placing small single
crystal seeds of respective polymorphs in contact with a supercooled
melt, then heating the melt at various temperatures on a hot stage (SI,
Figure S5).

Computational Methods. Density functional theory (DFT)
calculations were run in the Gaussian16 software package57 using the
PBE0 functional58 and the 6-311++G(d,p) basis set,59,60 as for the
optimizations reported in ref 48. The two torsional angles were
constrained to fixed values, and all other degrees of freedom were
allowed to relax.

Lethality Measurements for IMI Polymorphs. Microcrystals of
IMI Forms I, IV, VI, and IX were prepared by grinding respective
single crystals using a mortar and pestle (SI, Figure S12). Their
compositions were then analyzed by powder X-ray diffraction
(PXRD). Lethality measurements were performed in triplicate for
each solid-state form, accompanied by three controls (no insecticide).
A 2.00 mg portion of microcrystals was added to a 35 mm diameter
polystyrene Petri dish that was subsequently shaken to disperse the
microcrystals throughout the Petri dish. Microcrystals was added to a
polystyrene Petri dish (2.00 mg microcrystals per 35 mm diameter
dish for fruit flies; 0.10 mg microcrystals per 100 mm diameter dish
for mosquitoes), which was subsequently shaken to disperse the
microcrystals throughout the Petri dish. Adult mosquitoes (Ae.
aegypti, A. quadrimaculatus, or C. quinquefasciatus) or fruit flies (D.
melanogaster) were sedated with carbon dioxide and 30 female
mosquitoes or 20 flies were transferred to each Petri dish. The Petri
dishes were closed and the motion of the insects was recorded with a
video camera (Sony HDR-CX455). The knockdown time was
measured for each individual insect, with knockdown associated
with an insect laying on the bottom surface of the Petri dish in a
supine position without moving from its original position after 10 s.

Statistical Analyses. Logistic regression of knockdown-time
curves was preformed to obtain the median knockdown time
(KT50) of the test flies and mosquitoes, the 95% confidence intervals
(CI), slopes, and standard errors (SE) using Qcal software.49
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Ḿagnani, D. M.; Prieto, K.; Reyes, D.; Bingham, A. M.; Paul, L. M.;
Robles-Sikisaka, R.; Oliveira, G.; Pronty, D.; Barcellona, C. M.;
Metsky, H. C.; Baniecki, M. L.; Barnes, K. G.; Chak, B.; Freije, C. A.;
Gladden-Young, A.; Gnirke, A.; Luo, C.; Maclnnis, B.; Matranga, C.
B.; Part, D. J.; Schaffner, S. F.; Tomkins-Tinch, C.; West, K. L.;
Winnicki, D. I.; Cone, M. R.; Kopp, E. W., IV; Hogan, K. N.;
Cannons, A. C.; Jean, R.; Monaghan, A. J.; Garry, R. F.; Loman, N. J.;
Faria, N. R.; Porcelli, M. C.; Vasquez, C.; Nagle, E. R.; Cummings, D.
A. T.; Stanek, D.; Rambaut, A.; Sanchez-Lockhart, M.; Sabeti, P. C.;
Gillis, L. D.; Michael, S. F.; Bedford, T.; Pybus, O. G.; Isern, S.;
Palacios, G.; Andersen, K. G.; et al. Genomic epidemiology reveals

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c07610
J. Am. Chem. Soc. 2021, 143, 17144−17152

17151

https://doi.org/10.1007/s11356-014-3470-y
https://doi.org/10.1111/1365-2664.12111
https://doi.org/10.1111/1365-2664.12111
https://doi.org/10.1016/j.envint.2014.10.024
https://doi.org/10.1016/j.envint.2014.10.024
https://doi.org/10.1016/j.envint.2014.10.024
https://doi.org/10.1038/nature13531
https://doi.org/10.1038/nature13531
https://doi.org/10.1126/science.aaw9419
https://doi.org/10.1126/science.aaw9419
https://doi.org/10.1126/science.aax9931
https://doi.org/10.1126/science.aax9931
https://doi.org/10.1126/science.aaw7071
https://doi.org/10.1126/science.1215025
https://doi.org/10.1126/science.1215025
https://doi.org/10.1038/nature14414
https://doi.org/10.1038/nature14414
https://doi.org/10.1038/nature16167
https://doi.org/10.1038/nature16167
https://doi.org/10.1126/science.aat1598
https://doi.org/10.1126/science.aat1598
https://doi.org/10.1016/j.envint.2016.01.009
https://doi.org/10.1016/j.envint.2016.01.009
https://www.legifrance.gouv.fr/eli/loi/2016/8/8/2016-1087/jo/texte
https://www.legifrance.gouv.fr/eli/loi/2016/8/8/2016-1087/jo/texte
https://doi.org/10.3390/insects6010152
https://doi.org/10.3390/insects6010152
https://doi.org/10.2987/18-6796.1
https://doi.org/10.2987/18-6796.1
https://doi.org/10.2987/18-6796.1
https://doi.org/10.1002/anie.201703028
https://doi.org/10.1021/acs.cgd.8b01800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b01800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2013390117
https://doi.org/10.1073/pnas.2013390117
https://doi.org/10.1016/j.bmc.2011.10.019
https://doi.org/10.1016/j.bmc.2011.10.019
https://doi.org/10.1016/j.bmc.2011.10.019
https://doi.org/10.1021/op300320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op300320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op300320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf960075f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf960075f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S1600536804029824
https://doi.org/10.1107/S1600536804029824
https://doi.org/10.1107/S1600536804029824
https://doi.org/10.1021/acs.cgd.1c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.1c00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SC00168A
https://doi.org/10.1039/C7SC00168A
https://doi.org/10.1039/C7SC00168A
https://doi.org/10.1021/cr200297f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400833r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400833r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.0c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004085f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004085f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004085f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0351544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056072d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja056072d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049724r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049724r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6NJ02743A
https://doi.org/10.1039/C6NJ02743A
https://doi.org/10.1039/C6NJ02655A
https://doi.org/10.1039/C6NJ02655A
https://doi.org/10.1039/C6NJ02655A
https://doi.org/10.1038/35042080
https://doi.org/10.2987/11-6192.1
https://doi.org/10.2987/11-6192.1
https://doi.org/10.1038/nature22400
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


multiple introductions of Zika virus into the United States. Nature
2017, 546, 401−405.
(52) Metsky, H. C.; Matranga, C. B.; Wohl, S.; Schaffner, S. F.;
Freije, C. A.; Winnicki, S. M.; West, K.; Qu, J.; Baniecki, M. L.;
Gladden-Young, A.; Lin, A. E.; Tomkins-Tinch, C. H.; Ye, S. H.; Park,
D. J.; Luo, C. Y.; Barnes, K. G.; Shah, R. R.; Chak, B.; Barbosa-Lima,
G.; Delatorre, E.; Vieira, Y. R.; Paul, L. M.; Tan, A. L.; Barcellona, C.
M.; Porcelli, M. C.; Vasquez, C.; Cannons, A. C.; Cone, M. R.;
Hogan, K. N.; Kopp, E. W.; Anzinger, J. J.; Garcia, K. F.; Parham, L.
A.; Ramírez, R. M. G.; Montoya, M. C. M.; Rojas, D. P.; Brown, C.
M.; Hennigan, S.; Sabina, B.; Scotland, S.; Gangavarapu, K.;
Grubaugh, N. D.; Oliveira, G.; Robles-Sikisaka, R.; Rambaut, A.;
Gehrke, L.; Smole, S.; Halloran, M. E.; Villar, L.; Mattar, S.;
Lorenzana, I.; Cerbino-Neto, J.; Valim, C.; Degrave, W.; Bozza, P. T.;
Gnirke, A.; Andersen, K. G.; Isern, S.; Michael, S. F.; Bozza, F. A.;
Souza, T. M. L.; Bosch, I.; Yozwiak, N. L.; MacInnis, B. L.; Sabeti, P.
C. Zika virus evolution and spread in the Americas. Nature 2017, 546,
411−415.
(53) Barrett, A. D. T. The reemergence of yellow fever. Science 2018,
361, 847−848.
(54) Smol, J. P. Climate change: a planet in flux. Nature 2012, 483,
S12−S15.
(55) Makoni, M. Malaria fighters’ latest chemical weapon may not
last long. Science 2020, 369, 1153.
(56) Riaz, M. A.; Chandor-Proust, A.; Dauphin-Villemant, C.;
Poupardin, R.; Jones, C. M.; Strode, C.; Régent-Kloeckner, M.; David,
J. P.; Reynaud, S. Molecular mechanisms associated with increased
tolerance to the neonicotinoid insecticide imidacloprid in the dengue
vector Aedes aegypti. Aquat. Toxicol. 2013, 126, 326−337.
(57) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.;
Gaussian 16, Revision A.03; Gaussian Inc.: Wallingford, CT, 2016.
(58) Adamo, C.; Barone, V. Toward reliable density functional
methods without adjustable parameters: The PBE0 model. J. Chem.
Phys. 1999, 110, 6158−6169.
(59) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self-consistent
molecular orbital methods. XII. Further extensions of Gaussian-type
basis sets for use in molecular-orbital studies of organic-molecules. J.
Chem. Phys. 1972, 56, 2257.
(60) Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self-consistent
molecular orbital methods. 25. Supplementary functions for Gaussian
basis sets. J. Chem. Phys. 1984, 80, 3265−3269.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c07610
J. Am. Chem. Soc. 2021, 143, 17144−17152

17152

https://doi.org/10.1038/nature22400
https://doi.org/10.1038/nature22402
https://doi.org/10.1126/science.aau8225
https://doi.org/10.1038/483S12a
https://doi.org/10.1126/science.369.6508.1153
https://doi.org/10.1126/science.369.6508.1153
https://doi.org/10.1016/j.aquatox.2012.09.010
https://doi.org/10.1016/j.aquatox.2012.09.010
https://doi.org/10.1016/j.aquatox.2012.09.010
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.447079
https://doi.org/10.1063/1.447079
https://doi.org/10.1063/1.447079
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

