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Abstract

The reactions of§)-2-(1,8-naphthalimido)propanoic acid I(k,), and §-2-(1,8-
naphthalimido)-3-hydroxypropanoic acid I(k,), protonated forms of ligands that
contain a carboxylate donor group, an enantiopbnmglccenter and a 1,8-naphthalimide
nn stacking supramolecular tecton and in the cadélLqf;an alcohol functional group,
with the appropriate alkali metal hydroxide follodvdy a variety of crystallization
methods leads to the formation of crystallinel k{)(MeOH) (1), K(Laa)(H20) (2),
Na(L aa)(H20) (3), KLser (4), Cdser (5) and C& 414 (6). Each of these new complexes has
a solid state structure based on six-coordinatalsiéhked into homochiral helical rod
SBU central cores. In addition to the bondinghe tarboxylate and solvent (in the case
of Lser the ligand alcohol) to the metals, both oxygenstan 1,8-naphthalimide act as
donor groups. One naphthalimide oxygen bonds ¢ostime helical rod SBU as the
carboxylate group of that ligand forming a cheld@tg. The other naphthalimide oxygen
bonds to adjacent SBUs. In compleXe8, this inter-rod link has a square arrangement
bonding four other rods forming a three-dimensioealantiopure MOF structure,
whereas -6 this link has a linear arrangement bonding twaptiods forming a two-
dimensional, sheet structure. In the latter cabe, third dimension is supported
exclusively by interdigitatednn stacking interactions of the naphthalimide
supramolecular tecton, forming enantiopure supramwar MOF solids. Compounds3
lose the coordinated solvent when heating above °ID0For 1, the polycrystalline
powder reverts td only by recrystallization from methanol, whereasnpounds2 and3

Vi
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undergo gas/solid, single-crystal to single-crystahsformations to form dehydrated
compound* and3*, and rehydration occurs when crystals of these rawptexes are
left out in air. The reversible single-crystal tagle-crystal transformation & involves
the dissociation/coordination of a terminal watgahd, but the case &is remarkable
considering the water that is lost is the only dingy ligand between the metals in the
helical rod SBU and a carboxylate oxygen that terainal ligand in3 moves into a
bridging position in3* to maintain the homochiral helical rods. B&hand3* contain
five-coordinate metals’here are no coordinated solvents in compoudh@sin two cases
by designed ligand modification, which allows thdm have high thermal stability.
Compoundsl-3 did not exhibit observable SHG efficiency at aoidient wavelength of
1064 nm, but compoundd-6 did exhibit modest SHG efficiency for MOF-like
compounds in the range of 3GuSIO..

The reactions of the potassium salts of the ligand9-2-(1,8-
naphthalimido)propanoate K, and §-2-(1,8-naphthalimido)-3-hydroxypropanoate
(KLse) and R)-2-(1,8-naphthalimido)propanoate I(K.*), enantiopure carboxylate
ligands containing a 1,8-naphthalimide.xr stacking supramolecular tecton and in the
case ofLse, an alcohol functional group, with calcium or stiamt nitrate under
solvothermal  conditions  produce  crystalline  [Ca{).(H20)]-(H.O0) (1),
[Cal se2]:(H20)2 (2), [SrLaia)2(H20)]-(H20)3 (3), [SrLaia*)2(H20)]-(H20)s (3*) and
[Sr(Lsen)2(H20)] (5). Placing3 under vacuum removes the interstitial waters tmlpce
[Sr(Laia)2(H20)] (4) in a single-crystal to single-crystal transformatiantroduction of
water vapor tol leads to the reformation of crystalliBe Each of these new complexes

has a solid-state structure based on homochiralsembndary building units (SBUS)

Vii
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central cores. Supramolecularn stacking interactions between 1,8-naphthalimidggi

link adjacent rod SBUs into 3D structures for3, 4 and 5 and 2D structure foP.
Compoundsl and 3 haveopen 1D channels along the crystallographiaxis that are
occupied by disordered solvent. Rjrthese channels close and open in the reversible
single-crystal conversion #; the n = stacking interactions of the naphthalimide rings
facilitate this process by rotating and slippinB. $pectroscopy demonstrated that the
rehydration o# with D,O leads td@dg and the process of dehydration and rehydration of
3ds with H,O leads td, thus showing exchange of the coordinated waténighnprocess.
These forms of3 and 4 were characterized byH, *’H and **C solid-state NMR
spectroscopy and thermal and luminescence datepoeted on all of the complexes.

The reactions of (1,8-naphthalimido)ethanoic acidL dy,), and §-2-(1,8-
naphthalimido)-3-hydroxypropanoic acid I(kl,), protonated forms of ligands that
contain a carboxylate donor group and a 1,8-napihtliee 7 stacking supramolecular
tecton, with cesium hydroxide followed by solvotiat treatment in ethanol led to the
formation of crystalline C&(gy) (1) and Csl(end (2), Where theLene ligand, 2-(1,8-
naphthalimido)acrylate, is formed from the dehydratof the H s Starting material.
The X-ray studies show thatcrystallizes in the monoclinic space groQg/c with unit
cell dimensions = 30.430(7) Ab = 4.9820(12) Ac = 16.566(4) Ap = 101.951(4) and
2 in the monoclinic space grol®2y/n with unit cell dimensions = 13.6049(15) Ab =
6.8100(8) Ac = 14.4187(16) Ap = 105.345(2). The solid state structure dfcontains
two types of 6-coordinate cesium cations linked isheets by bridging carboxylate
oxygen atoms. One cation has a distorted octahedw@onment, while the other is in an

unusual planar, hexagonak-©oordination geometry. The latter geometry iisitzed

viii

www.manaraa.com



on both sides of the plane hy-coordination of naphthalimide rings. The 1,8-
naphthalimide rings are involved in intra-sheetr stacking interactions. ThegO
coordination sphere of compl&xs distorted and only half-filled with the oxygatoms,
which link the cations into rods that are furthaekéd into sheets by bridging interactions
of naphthalimide carbonyls with cesium cations fradjacent rods. The open face on
the cation has uniquq?:nl interactions with two methylene groups in thehida. These
sheets are linked into a 3D supramolecular stradbyrinterdigitated 1,8-naphthalimide
rings involved in strongrn interactions. Both complexes show naphthalimidsed
fluorescence.

The reactions of the lithium salt d§)¢2-(1,8-naphthalimido)-3-hydroxypropanoate
(Lser), an enantiopure carboxylate ligand containing,&nhphthalimider n stacking
supramolecular tecton and an alcohol functionaligrevith La(NQ)3, Ce(NQ)3, SmCE,
Eu(NG))s, Gd(NG)s, Tb(NGs); and Dy(NQ)s under solvothermal conditions
(water/ethanol) produced single crystals (charasdr by single crystal X-ray
crystallography) of [L&(L se)s(OH)(H20)]*(H-0, EtOH), @,
[Ces(Lsen)s(OH)(H20)]*(H20,  EtOH)  (2), [Smy(Lse)s(OED]*(H:O, EtOH)  (3),
[Eus(Lsen)s(OED]*(HO,  EtOH)  (4),  [Gds(Lse)s(OED]+(HO,  EtOH)  (5),
[Tba(Lsen)s(OED]+(HO, EtOH) (6) and [Dy(Lse)s(OEN]+(HO, EtOH) (7),
respectively.  Mixed-metal complexes [PG€bg AL ser)s(OH)]*(H20, EtOH) (8),
[Gdo.aTbo6 (Lse)s(OEY]*(HO, EtOH) (9) and [Ce.GdosThy a(Lse)s(OH)]*(H20,
EtOH), (10) were prepared by using two or more types of lanithes in the solvothermal
reactions (additional mixed-metal complexes wemrepared and characterized by ICP-

MS). Single crystals of compountislOare isostructural: trinuclear, carboxylate-bonded
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helicates organized by the noncovalemt;r stacking interactions of the 1,8-
naphthalimide groups intmtertwined Mhelices, with a pitch of 56 A, that are further
arranged into a three dimensional supramolecuéandmwork by additionat ' stacking
interactions. Magnetic measurements of several oomgs were as expected for the
metal(s) present, indicating no significant intéi@ats between metals within the
helicates. The Ce compléxshowed weak antiferromagnetic ordering below 504l

of the complexes, with the exception Bf showed luminescence based on the 1,8-
naphthalimide group. CompleXx has no emission and complexes with mixed Ce/Tb
ratios showed significant quenching of the naplmmde-based luminescence, as
guantitated with solid state, absolute quantumdyméasurements of these mixed-metal
and the pure metal complexes. Lanthanide based&soence was only observed for the
Eu complexd.

The new ligand 5-(1,8-naphthalimido)isophthalate;3€), containing two
carboxylate donor groups and the 1,8-naphthalinsideramolecular tecton, has been
used under solvothermal conditions to prepareiasef group 2, lanthanide and actinide
metal complexes: [GH. 135)4(H20)g]-(H20)9. 5(DMF)2 6 (1), Bal 135 (H20)1 s(DMF)o 5 (2),
Lap(L 135)3(DMF)4 (3), Cex(L 135)3(DMF)s (4), Ep(L 135)3(DMF)4 (5), Thy(L 135)3(DMF)4
(6), [UO2(L 135)(DMF)]-(py)o s(EtOH)o.5 (7) and Th{ 135)(NOs)2(DMF),]-(DMF), (8). The
solid state structure of the calcium compleis based on helical rod-shaped secondary
building-units (SBUs) of edge-shared polyhedradme by oxygens from the carboxylate
groups. The crystals are racemic, with the one-dsimmal (1D) helical rods organized
by nn stacking interactions of the naphthalimide groapia 3D supramolecular

framework (SMOF) structure. Although the structuwfethe barium complexX also
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contains rod-shaped SBUs, the rods are linked ¢irdhe aryl backbone of the ditopic
L1ss> ligands into 2D sheets. The sheets are furtheagetd) in naphthalimide
stacking interactions to build a 3D SMOF. The Ilamide complexes3-6 are
isostructural, based on binuclear SBUs linked by lthands into a square-shaped grid
pattern, withr-stacking interactions linking adjacent sheetsenegate a 3D SMOF. The
uranium(VIl) complex7 contains 7-coordinate pentagonal bipyramid uracedions
bridged by the ligands into one dimensional ribbofise solid state structure of the
thorium(lVV) complex8 consists of 10-coordinate thorium cations, alsalded by the
ligands into one dimensional ribbons. Both of éhastinide structures are organized into
only 2D supramolecular sheets fstacking interactions. Compoundls2, 3, 6 and8
exhibit solid-state luminescence dominated by thphthalimide chromophore in the
ligand. The group 2 complexes are slightly redtetliand the lanthanum compl&xand
the thorium complexX8 slightly blue-shifted with respect to the ligandherl terbium
compound,6, is greatly blue-shifted by ~75 nm and naphthalinmséesitization of the
metal emission occurs for the europium complexThe cerium(lll) and uranyl(VI)

compoundgl and7 have no solid state emission.

Xi
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Chapter |

Homochiral helical metal-organic frameworks of guadumetals
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Introduction

The rational design of metal-organic frameworks {{pwith diverse
architectures and functionalities is a major acradsearch because of the wide range of
potential applicationsSecondary building units (SBUs) are the core geédaisuilding
blocks of MOFs that are used to assemble desiradtstes when coupled with
appropriately chosen bridging ligand addition to the covalent forces from which
these network solids are built, supramoleculaotexi{e.g. groups that can hydrogen
bond or participate in-7t stacking interactions) can be built into the aigdigands for
added functionality and enhanced stability.

We recently designed a series of ligands with ujptio functionalities derived
from enantiopure amino acids and a 1,8-naphthaéirgidup (Scheme 1.1)The first
functionality comes from the carboxylate anion thetls as a donor to the metal cations
and helps constitute the SBThe second is the chiral center from enantiopoima
acids, which imparts chirality on the crystal sture resulting in noncentrosymmetric
space group%® The third key feature of the amino acid comporigtie “side chain”
that can contain functional groups such as an alamhamide. The fourth, and probably
most unique feature of the ligands is the 1,8-rfagdithide group that not only blocks the
amine end of the acid from coordinatitiout has been shown to organize the
supramolecular structure through directionally aéls and strong = stacking

interactions®’8
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Scheme 1.1Enantiopure Tri- and Tetrafunctional Ligands

The majority of our previous research on metal dexgs of these ligands has
dealt with the square paddlewheel SBU adopted teyttansition metal§These and
related studies have demonstrated that ligandsicomg the 1,8-naphthalimide group
have complex structures frequently organized leagt one dimension by
supramolecular interactions, structural types wwhave denoted as supramolecular
metal-organic frameworks (SMOF$).These SMOFs have shown very interesting
properties, most notably a variety of single-crlygiasingle-crystal transformations; in
one system gas/solid guest exchange takes platnsely packed solidgjn another the
gas/solid exchange is enantioselective with a rizenbstraté®and in a third
temperature induced phase changes are obs&niadrder to investigate additional
interesting trends and physical properties impaiethese ligands, we chose to look at
complexes with group 1 metals. Although not asmsiteely studied in this field as
transition metals, s-block metals are cheap, nooitessential in many biological
processesand their complexes have shown a wealth of inieggroperties, ranging
from catalyst¥’ to ferroelectrics? By using enantiopure ligands the new complexes can
also have interesting nonlinear optical applicatidtierein we report the syntheses and
structures of eight alkali metal complexes of thitggerent group 1 metals with the two
ligands pictured in Scheme 1 along with their thafrfluorescent and non-linear optical
properties. In contrast to other studies with thras¢als'? two very similar structural

types have emerged from this study, both of whrehbased on homochiral rod SBUs,
3
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despite changes in metals, ligands, and solver¢rsigs Two of these compounds are
able to undergo reversible single-crystal to siragestal transformations even though the

solids lack channels. Some of these results hase temmunicated previous!y.

Experimental

General Considerations All reactants were used as purchased from Aldaiwth
Strem. The syntheses of the ligands.Hand H. e have been reported elsewh&té&!?
Elemental analyses were performed by Robertsondiftidraboratories (Ledgewood,
NJ). Thermalgravimetric analysis was performed gisimhermal Analysis (TA)
SDTQ600 simultaneous DTA/TGA system. The sample®\ueated in dry air to 800 °C
with a heating rate of 10 °C/min. Some samples (mmmds3 and6) froth when heated
too high, so the experiment was terminated afteidégcomposition temperature was
recorded. The fluorescence measurements were aoad’erkin Elmer Lambda 35 UV-
Vis spectrometer.

K(Laa)(MeOH)(1). HL 45 (2.0 g, 7.4 mmol) was added to a solution of ptas
hydroxide (0.42 g, 7.4 mmol) in water and stirreddn hour until homogeneous. The
solvent was removed and the precipitate dried augdo produce a light brown powder
(2.96 g). A 9 mL thick walled glass tube with a [befscrew top was charged with a
sample of this solid (0.10 g) and methanol (4 mig heated at 120 °C overnight or until
the solution became homogeneous. The heat was ezshamd the system was allowed to
slowly cool at a rate of about 1°C/min. The reattessel was placed in a quiet area.

Over the course of 3 days large crystals grew filmensolution and were collected from
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the tube and washed with diethyl ether to providé&® g of single crystals. Anal. Calcd.
(Found) for GeH14KNOs: C 56.62 (56.42); H 4.16 (4.00); N 4.13 (3.97).

K(Laa)(H20) (2). The light brown powder of K44 (0.086 g, 0.28 mmol) was
dissolved in water (1 mL) and acetone vapor wasaedt to diffuse into the solution to
yield X-ray quality single crystals (0.064 g) affeweeks. Anal. Calcd. (Found) for
C1sH14KNOs: C 55.37 (55.21); H 3.72 (3.58); N 4.31 (4.28).

Nal aa)(H20) (3). HL 42 (1.30 g, 4.83 mmol) was added to a solution of wwodi
hydroxide (0.20 g, 5.0 mmol) in methanol (30 mLydhe stirred until homogeneous.
The solution was filtered through a short celitegolThe solvent was removed and the
resulting precipitated dried in vacuo to produgeake orange powder (1.30 g). A9 mL
thick walled glass tube with a Teflon screw top wharged with the solid (0.05 g), a
40:1 mixture of 1-butanol and water (4 mL) was ablded heated at 120 °C overnight or
until the solution became homogeneous. The heatemasved and the system was
allowed to slowly cool at a rate of about 1°C/nlihe reaction vessel was placed in a
quiet area. Over the course of 2 days large ci/gtaw from the solution and were
collected from the tube and washed with diethyeetb provide 0.032 g of single
crystals. Anal. Calcd. (Found) for£1;,NNaGs: C 58.26 (58.08); H 3.91 (3.93); N 4.53
(4.44).

K(Lsr) (4). HLser(1.00 g, 3.5 mmol) was added to a solution of psites
hydroxide (0.20 g, 3.5 mmol) in water and stirreddn hour or until homogeneous. The
solvent was removed and the precipitate dried augdo produce a light brown powder
(0.89 g). A 9 mL thick walled glass tube with a [befscrew top was charged with the

solid (0.05 g) and methanol (2.0 mL) and heatet28t°C. Over the course of heating for
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3 days, brown crystals grew on the walls of theetabove the solvent line. After no
starting material remained at the bottom of thetube heat was removed and the system
was allowed to slowly cool at a rate of about 1°@/mall dark brown crystals were
collected from the walls of the tube and washedh diethyl ether to provide 0.032 g of
single crystals. Anal. Calcd. (Found) fofsB:0KNOs: C 55.72 (55.60); H 3.12 (3.22); N
4.33 (4.21).

Csls) (5). This compound was prepared by the same proceduoe K& ¢, but
with CsOHxH,0 (0.50 g) and He, (0.72 g, 2.5 mmol) to provide a pale brown powder
(2.02 g). Small dark brown crystals were colledtedh the walls of the tube and washed
with diethyl ether to provide 0.031 g of single stals. Anal. Calcd. (Found) for
C1sH10CSNQy: C 44.91 (44.38); H 2.51 (2.33); N 3.49 (3.31).

Cs(Laa) (6). This compound was prepared by the same proceddiog K& ¢, but
with CsOHxH,0O (0.50 g) and H,j4 (0.76 g, 2.5 mmol) to provide an orange powder
(1.06 g). Small dark brown crystals were colledtedh the walls of the tube and washed
with diethyl ether to provide 0.037 g of single stals. Anal. Calcd. (Found) for
C1sH10CSNG;: C 43.19 (43.10); H 2.42 (2.31); N 3.36 (3.36).

Second Harmonic Generation StudiePowder SHG measurements were
performed on a modified Kurtz-nonlinear optical (MLsystem using a pulsed Nd:YAG
laser with a wavelength of 1064 rffh.A detailed description of the equipment and
methodology has been publishBdhs the powder SHG efficiency has been shown to
strongly depend on patrticle siZe4, 5 and6 were ground and sieved into distinct particle

size ranges ( <20, 20-45, 45-63, 63-75, 75-90ur90 Relevant comparisons with

known SHG materials were made by grinding and sgeerystallinea—SiO, and
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LINbOg3 into the same particle size ranges. No index niragcituid was used in any of
the experiments.

Powder X-Ray Diffraction. In order to test for phase purity of the crystali
products, samples for compourids were collected from the walls of the solvothermal
tubes, washed with diethyl ether and ground infFaor.compound the single crystals
were transported into a dry box and ground in @gén atmosphere. A zero-background
slide was loaded with the sample, covered with pt&m@film and sealed with high
vacuum grease. All measurements were performedRigaku Ultima 4 instrument
using Cu K radiation at a scan rate of 1 °/min between 53ed with a step size of
0.02 °d. Powder patterns were analyzed using MicrosofeEx&he powder pattern for
6 initially indicated some lack of phase purity, b additional short scans (10-15°2
at a scan rate of 2 °/min) were performed on comg@ybefore and after the long scan
and they show that compoufdikely undergoes a change when ground.

Recycling Experiments.The repeated single-crystal to single-crystal
transformation of compourtito 3* was performed on two selected single crystalss&he
crystals were collected from the walls of the stheomal tubes and washed with diethyl
ether. After checking the unit cell, they were ledainder vacuum to 150 °C for one hour
in a Schlenk flask. The flask was refilled withragen and the crystal quickly mounted
in a nitrogen stream on the diffractometer; the oell parameters were collected and the
diffraction peaks monitored for broadening to deti@e if compound* had formed and
retained single crystallinity. These same two ®raglystals were then returned to a glass
vial which was kept in a humid environment for tdays and unit cell parameters

collected to determine if compouBdad reformed. This procedure was repeated; at the
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end the single crystals started to show broadenitige diffraction pattern indicating
some degradation had taken place.

Crystallographic Studies.For all complexes, X-ray diffraction intensity dat
were measured at 100(2) K using a Bruker SMART ARHEXactometer (Mo K
radiation,. = 0.71073 A)*® The raw area detector data frames were reducécdit
SAINT+ program:® Direct methods structure solution, difference Feucalculations
and full-matrix least-squares refinement agalifatvere performed with SHELXS/L,
implemented in OLEX2”*®Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms bondeatbor were placed in
geometrically idealized positions and includedidsg atoms. For compounds 2, 2*,
4,5 and®6, crystal enantiopurity and the “S” configuratiointiee chiral carbon (C13 in all
structures) were established by the absolute strei¢Elack) parameters of zero (within
experimental error) derived from the X-ray dataséts 3 and3*, containing no atoms
heavier than sodium in the crystal, the absolutecgires were inferred from synthetic
information;i.e., enantiopure starting material which does notmaze. Details of data

collection are given in Table 1.1.
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Table 1.1.Crystallographic Data

1 2 2* 3 3*
Formula GeH14KNOs CisH12KNOs  CisHi058KNO429 CisHi2NaNGs  CisHigNaNOy
Fw, g ma" 339.3¢ 325.3¢ 312.5¢ 309.2! 291.2:
Cryst. Syst. Orthorhombic Orthorhombic Orthorhombic ~ Horhombic Orthorhombic
Space group P212121 P212121 P212121 P212121 P212121
T, K 100(2) K 100(2) K 100(2) K 100(2) K 100(2) K
a,A 6.8979(5) 6.9520(7) 6.874(2) 6.9818(7) 6.9329(13)
b, A 14.3515(10) 13.2676(13) 12.842(4) 11.8361(13) an®
c,A 14.5164(10) 14.9719(15) 15.052(4) 15.5125(17) 1A3)
a, deg 90 90 90 90 20
B, deg 90 90 90 90 20
y, deg 90 90 90 90 20
v, A 1437.05(1¢€ 1381.0(2 1328.8(7 1281.9(2) 1235.5(4
z 4 4 4 4 4
R1(1>2c (1)) 0.027: 0.029¢ 0.043¢ 0.032: 0.052:
WR2(1>25 (1)) 0.072: 0.074¢ 0.108¢ 0.083( 0.130¢
Flack Parameter 0.01(4) -0.03(4) 0.05(7) -0.2(3) 0.5(7)
4 5 6
Formula QsHloKNO5 C15H10CSN05 C15H10CSNQ1
Fw, g mg* 323.3 417.1¢ 401.1¢
Cryst. Syst. Monoclinic Monoclinic Monoclinic
Space group P2, P2, P2,
T, K 100(2) K 100(2) K 100(2) K
a, A 8.7050(5 9.2965(12) 9.0674(6)
b, A 6.6081(4 6.6108(9) 6.5650(5)
c, A 11.1731(7 11.2603(15, 11.2571(8
a, de¢ 9C 9C 9C
B, deg 99.1048(1C 99.668(2) 95.2910(10
y, deg 9C 9C 9C
V, A® 634.62(7 682.20(16) 667.25(8)
Z 2 2 2
R1(>25 (1)) 0.0311 0.0233 0.0233
WR2(1>26 (1)) 0.0819 0.0552 0.0546
Flack Parameter 0.03(3) 0.01(2) 0.037(16)

Results

SynthesesThe reaction of H,, and H- ¢ With the appropriate alkali metal hydroxide

(NaOH, KOH, CsOH) in water or methanol produced. ya KL a3, C4_4ja, KL ser, and
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Cd ser. Crystals of KL 45)(MeOH) (1) and Nak 4,)(H20) (3) were obtained by heating
the appropriate salt in an alcohol solution to 12Udllowed by cooling. Crystals of
KLser (4), Cdser (5), and C& 4, (6) were obtained by solvothermal treatment in al¢oho
solution at 120° C and grew on the walls of thectiea vessel above the solvent line.
Dissolving KL 45 in water followed by vapor diffusion of acetonéanhe solution

afforded crystals of H(45)(H20) (2).

Structural Analyses.In K(L 45)(MeOH) (1), the potassium cation is 6-coordinate with
two of the sites occupied hy-x* carboxylate oxygens, two by bridging methanols, an
two by carbonyls from the naphthalimide rings (Fegy.1). One of the naphthalimide
carbonyls is coordinated to a potassium catiohénsame chain as the bridging
carboxylate oxygen of that ligand forming a sevesmther chelate ring. The
noncoordinated oxygen atom from the carboxylaté@pates in hydrogen bonding to
the methanol bridging to the next potassium cafltme irregular potassium polyhedra
are edge-shared through the bridging oxygen atoigmating from the methanol and
carboxylate, extending in one dimension to gendralbieal rods. The helical rods are
enantiopure, alP-handed helicies as defined by the K1-O3-K1-O3rcljgigure 1.2)
with a pitch of 6.90 A. The second naphthalimideboayl! of each ligand acts to bridge
adjacent helices. These bridging naphthalimideararls form four points of extension
from each helical rod generating “squares” whigh@cupied by the naphthalimide
rings (Figure 1.3), generating a three-dimensionatodal £ net structure.

The naphthalimide rings form extendedr stacking networks that reinforce the

structure. Four parameters were chosen to defmsttbength of the naphthalimide =

10
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stacking interaction: the dipole angle betweentterings, the angle between ring
planes, the average perpendicular distance, angliipage parametey)(that is defined

as the third side of the right triangle formed vitlle average perpendicular distance
between the two rings and the line between thecswaral carbon atoms of the rings. The
values for these metrics, along with the angleséat by the dipole vectors of the rings,

are listed in Table 1.2.

Figure 1.1 The K coordination environment of K¢.)(MeOH) (1); black C, red O, blue
N, white H, orange K.

Figure 1.2.(a) The rod-like structure dfformed by edge shared iolyhedra and (b)
theP-handed helix highlighted in purple follows the KB-K1-O3 chain.

11
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Figure 1.3.View down the crystallographecaxis ofl illustrating the four points of
connectivity between rods, where each rod is @fit color and the vertices of the
square lie in the center of each helical rod.

The structure of K(a)(H20) (2) is very similar tal with the presence of
homochiral helical rods of potassium cations arduhinodal 4 net, yet there are
important differences in the coordination enviromt&nd helical connectivity. The
potassium is 6-coordinate with three of the si=upied by the-«":x* carboxylate
oxygens, one of the sites filled by a terminal watelecule, and the remaining two sites
filled by two carbonyls from the naphthalimide rin@igure 1.4). The terminal water
molecule in2 is hydrogen bonded to the carboxylate O3 involéd bridging the next
two potassium cation of the helix. The distortethbedral potassium polyhedra are
corner-shared through the bridging carboxylateednd in one dimension to generate
helical rod SBUs. The-handed helix defined by the K1-O3-K1-O3 chainthiewn in
Figure 1.5 and has a pitch of 6.95 A. As witlone of the naphthalimide carbonyls is
coordinated to a potassium cation in the same dmathe bridging carboxylate oxygen
of that ligand forming a seven-member chelate nvigle the other acts to bridge an

adjacent helix. The bridging mode of the naphth@ercarbonyls again creates four

12
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points of extension per rod and the extended irggatieds '« stacking are similar to

compoundl (Figure 1.6). The metrics for the = stacking are listed in Table 1.2.

03", 04
. . " \ C15
; 01
/ S
k1 & C2 C6 g
.a 7
C i
9 &

1 0
TC11H

Figure 1.4.The K coordination environment of K¢,)(H-0) (2) ; black C, red O, blue
N, white H, orange K.

(b)

Figure 1.5.(a) The rod-like structure @&formed by corner shared kolyhedra and (b)
theP-handed helix highlighted in purple follows the KB-K1-O3 chain.

13
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Figure 1.6.View down the crystallographeaxis of KL 52)(H20) (2) illustrating the
four points of connectivity between rods, whereheand is a different color and the
vertices of the square lie in the center of eadicdleod.

Compound undergoes a reversible single-crystal to singystat transformation
at high temperatures by the loss of the coordinai@er to form compoun2* (vide
infra). The structure of the dehydrated complealisost identical to the hydrated form
with the exception of the coordination number ofggsium changing from six to five

(Figure 1.7) and a slight decrease in the unitwa@lime (~3%).

Figure 1.7.The K" coordination environment of K¢.) (2%); black C, red O, blue N,
white H, orange K.

14
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Na( a2)(H20) (3) again has the same basic structure featuring blomab helical
rods of sodium and a uninodat det, but with distinct differences in coordinatiand
helical environment from eithdéror 2. Sodium is 6-coordinate with two of the sites
occupied by a” carboxylate, two of the sites filled by bridgingtemmolecules, and the
remaining two sites filled by two carbonyls fronethaphthalimide rings (Figure 1.8).
Compound3 is the only example where the carboxylate doesobas a bridge and the
intrachain chelate ring formed by one of the nagltiide carbonyls involves a sodium
located in the next segment of the helix formingeamember rings. In a similar manner
to the methanol id, the bridging water molecule Bis hydrogen bonded to the
carboxylate O3, but in this case O3 is coordinédesbdium. The distorted octahedral
sodium polyhedra are corner shared through thgimgdvater and extend in one
dimension to generate helical rod SBUs (Figure. I.BgP-handed helix is defined by
the Na1-O5-Nal-O5 chain and has a pitch of 6.98dfin, the second naphthalimide
carbonyls of each ligand bridge to adjacent helioasing four points of extension per
rod and extended interdigitatedn stacking as in compoundsand?2 (Figure 1.10) is

also present. The metrics for thher stacking are listed in Table 1.2.

Figure 1.8.The Nd coordination environment of Na,)(H-0) (3) ; black C, red O,
blue N, white H, yellow Na.

15
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Figure 1.9.(a) The rod-like structure &formed by corner shared Npolyhedra and (b)
theP-handed helix highlighted in purple follows the N@5-Nal-O5 chain.

Figure 1.10.View down the crystallographecaxis of Nal 4,)(H20) (3) illustrating the
four points of connectivity between rods, wherehead is a different color and the
vertices of the square lie in the center of eadicddeod.

Compound3 undergoes a reversible single-crystal to singystat transformation
upon heating with loss of water to form compo@idvide infra) which was
characterized by single crystal X-ray diffracti@uodium is 5-coordinate in compou@ti
with 3 of the sites occupied by the«*:x? carboxylate oxygens in a similar fashion to

compound and the remaining two sites are occupied by thieoreyls of the
16
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naphthalimide rings (Figure 1.11). In comparisoth structure 08, the bridging water
is lost and one of the oxygens (O3) of the nongirig, x>-carboxylate i moves into a
bridging position in the structure 8f. This change causes the nine-member rings
formed by the carboxylate ligand and naphthalintadonyls in3 to become a seven-
member ring, similar to that observed in complekasnd2. Sodium polyhedra are
corner-shared through the carboxylate O3 and extendelical rods (Figure 1.12). The
second naphthalimide carbonyl of each ligand isived with bridging adjacent rods.
The overall 3D structures is the same as the puevimur compounds where each of the
homochiral helical rods of corner-shared sodiunmatare connected to four adjacent
rods generating a uninodat det (Figure 1.13). The metrics for ther stacking are

listed in Table 1.2.

Figure 1.11.The N& coordination environment of Nag.) (3*); black C, red O, blue N,
white H, yellow Na.

17
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Figure 1.12.(a) The rod-like structure &* formed by corner shared Npolyhedra and
(b) theP-handed helix highlighted in purple follows the N@B-Nal-O3 chain.

Figure 1.13.View down the crystallographeaxis of Nal 45) (3*) illustrating the four
points of connectivity between rods, where eachisadifferent color and the vertices
of the square lie in the center of each helical rod

18
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Table 1.2.n = stacking metrics for compounds3.

Compound Cen-Cen(A) dipolez (°)  planez (°) avgdist(A) 5 (A)

1 K(L4:)(MeOH) 3.70 180 4.8 3.45 1.34
2 K(Lao)(H,0) 3.67 180 2.9 3.48 1.16
2% K(L aia) (H2Oo.2¢ 3.63 180 36 3.45 1.16
3 Na(z)(H,0) 3.77 180 5.9 3.49 1.43
3*  Nala) 3.66 180 38 3.46 1.18

In the structure of H(ser) (4), potassium is 6-coordinate with two of the sites
occupied by-«* carboxylate oxygens, two are filled by the bridgaicohol functional
groups located in the side-chains, and the lastnwaccupied by carbonyls of
naphthalimide rings (Figure 1.14). THesigned ligand modificatioim L s, when
compared td 45 introduces the alcohol in the side-chain thataeg$ the solvent
molecules in the structures Bf3. One of the naphthalimide carbonyls in each ligand
bonded to the same potassium cation as the cadiexyhd alcohol that each bridge a
different potassium cation in the same chain, fagra [3.2.2] bicyclic system. The
distorted trigonal prismatic potassium polyhedmedge-shared through the bridging
alcohol and carboxylate oxygens and extend in amermsion to generate helical rods
(Figure 1.15). Thé&-handed helical rods are defined by the K1-O4-K1eBdin and
have a pitch of 6.61 A. The other naphthalimidéoayls in each ligand bridge to
potassium cations in adjacent helices. In contmasi3, these connections extend in only
two directions, connecting the rods into sheetsoAthe naphthalimide rings are pointed
away from the helices, fixed in position by thelémtate coordination mode of the ligand,
and line up in parallel ribbons. The naphthalinricdgs are interdigitated through =
stacking connecting the sheets into a three-dimeassupramolecular metal-organic

framework (SMOF) in a “zipper-like” fashion as show Figure 1.16. By introducing a

19

www.manaraa.com



donor group into the ligand sidechain, we succdlgstdclude coordinated solvents, but
the ligand is now locked into a different orientatiand a new structure type is formed.

The metrics for the 'x stacking are listed in Table 1.3.

Figure 1.14.The K coordination environment oflK, (4) ; black C, red O, blue N,
white H, orange K.

Figure 1.15.(a) A sheet of rods fromh formed by edge shared igolyhedra bridged
together by the carbonyls of the naphthalimide @)dheP-handed helix of each rod
highlighted in purple follows the K1-O4-K1-O4 chain
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Figure 1.16.Views down the crystallographac(left) andc (right) axis of4 illustrating
the zipperliken n stacking extending the structure in three dimersand slippage of
the naphthalimide rings. Each sheet is distinguiski¢h a different color. Hydrogen
atoms are omitted for clarity.

Cs( ser) (5) has a very similar structure 40 Cesium has an unusually low
coordination number of 6 with two of the sites quied by.’-«? carboxylate oxygens,
two are filled by the bridging alcohol side-chaiasd the last two are filled by carbonyls
of the naphthalimide rings (Figure 1.17). The distd trigonal prismatic cesium
polyhedra are edge-shared through the bridgindhalaand carboxylate oxygens and
extend in one dimension to generate helical rodshawn in Figure 1.18. THe-handed
helical rods are defined by the Cs1-04-Cs1-O4 caathhave a pitch of 6.61 A. The
rods are bridged together by carbonyls of the regimide groups extending in two
directions to form sheets. These sheets are zigpegether through = stacking in a
similar fashion tat (Figure 1.19). The metrics for the n stacking are listed in Table

1.3.
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Figure 1.17.The C3$ coordination environment of Cs, (5) ; black C, red O, blue N,
white H, yellow Cs.

Figure 1.18.(a) A sheet of rods frorh formed by edge shared Qsolyhedra bridged
together by the carbonyls of the naphthalimide @)dheP-handed helix of each rod
highlighted in purple follows the Cs1-0O4-Cs1-O4ioha

Figure 1.19.Views down the crystallographic(left) andc (right) axis of C& «er (5)
illustrating the zipperliker ' stacking extending the structure in three dimersand
slippage of the naphthalimide rings. Each sheéisisnguished with a different color.
Hydrogen atoms are omitted for clarity.
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The coordination environment for the alkali catiorCs( 45) (6) is significantly
different from1-5, yet the overall 3D structure is very similadtand5. Compound is
the only complex with. 45 to exclude the solvent molecule in the struct@@sium is 6-
coordinate with four of the sites occupiedy?«? carboxylate oxygens and the
remaining two filled by carbonyls of the naphthatienrings (Figure 1.20). The unique
u-k%1*-bonding of the carboxylate group allow the cesiations to be six-coordinate
without the presence of the solvent molecul&-B The cesium cation is in an extremely
distorted, low-coordination environment with alltbe oxygen donor atoms on one side
leaving an open face on the metal. The distancedsst cesium and the hydrogen atoms
of the methyl group of the ligand is short enougli 7 A) to denote a C#H interaction
(Figure 1.20b). There is also an interaction betwsssium and an aromatic hydrogen
atom from an adjacent sheet with a distance of 8.3the irregular cesium polyhedra
are edge-shared through both carboxylate oxygeBgn@d O4, and extend in one
dimension to generate the helical rod SBU. PHeandecdhelical rods are defined by the
Cs1-04-Cs1-04 chain and have a pitch of 6.56 A. @rike carbonyls of the
naphthalimide is bonded to the same cesium catidheacarboxylate making the ligand
tridentate to one metal as4rand5 and generating a [4.1.1] bicyclic system. As irsthe
two structures, the other naphthalimide carbongildge to potassium cations in adjacent
helices, again extending in only two directionsiiorg sheets of helical rods (Figure
1.21). There is & stacking between the naphthalimide rings linkihgets together into
a SMOF in the same motif 4sand5 (Figure 1.22). The metrics for then stacking are

listed in Table 1.3.
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(b)

Figure 1.20.(a) The C§coordination environment of Cg, (6) and (b) possible CH
interactions; black C, red O, blue N, white H, gallCs.

(a) (b)

Figure 1.21.(a) A sheet of rods fro formed by rods of edge shared @slyhedra
bridged together by the carbonyls of the naphthdinand (b) thé-handed helix of
each rod highlighted in purple follows the Cs1-Oglt€D4 chain.

Figure 1.22.Views down the crystallographéc(left) andc (right) axis of C& 45 (6)
illustrating the zipperliker ' stacking extending the structure in three dimersand
slippage of the naphthalimide rings. Each sheéisisnguished with a different color.
Hydrogen atoms are omitted for clarity.
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Table 1.3.n = stacking metrics for compoundst.

Compound Cen-Cen(A) dipolez (°) plane<z (®) avgdist () % (A)

4 K(Lse) 4.18 180 1.6 3.30 2.56
5  Csle) 4.32 180 15 3.31 2.78
6 Cslan) 4.53 180 10.3 3.27 3.11

Thermal Analysis. Thermal gravimetric analysis was performed on ali&ruments
SDT 2960 under a steady stream of dry air. Theanalysis of compoundsand4 are
representative of their structure types and argveho Figure 1.23. Compourid
showed a weight loss at 128 °C that corresponds avibss of the coordinated methanol
ligand (9.81%, calcd. 9.44%). In addition, a pbgbschange from dark brown single
crystals to a white polycrystalline powdép] was observed at this temperature. The
PXRD of this powder reveals that although the ssligolycrystalline, the structure has
changed. Single crystals of thean be reformed by recrystallization of this sdtmm
methanol, as indicated in the Synthesis sectior.pidtycrystalline powder remains
stable until decomposition sets in starting at 319

TGA of compoun® showed a weight loss between 80 and 120 °C canespg
to the loss of the coordinated water ligand (6.008cd. 5.54%), resulting in the
formation of a new compoungdy. Single crystal X-ray analysis &f, formed by heating
crystals of 2 at 140°C for 3 hours, showed a partially hydrated compbwith a 29%
occupancy of coordinated water where the remaipotgssium cations are five
coordinate. Because the TGA shows a quantitatis® &b water, we assume that partial
rehydration occurred in the short time transfertimg single crystals from the nitrogen
atmosphere into the paraffin liquid for the X-rayalysis. PXRD analysis show% is
different from1p. Upon further heating, compou2¥ experiences a higher

decomposition point (347 °C) thap even though they share the same chemical
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formula. After exposure of the single crystal ugadthe structure o2* to air for two
days compound is reformed by reuptake of waters confirmed bgingle-crystal XRD
Upon heating, compourtlexperienced a weight loss between 89 and 177 °C
indicative of a loss of theoordinatedwater ligand from the structure (6.40%, calcd.
5.83%) A second TGA experiment was performed where tla¢ f@mp was stopped at
160 °C and after sitting in air at room temperaforeghree days the compound regained
the lost water to reform the original compoundslaswn by both PXRD ansingle
crystal X-ray analysis In a third experiment, crystals were heated $thlenk tube
under vacuum to 150 °C for an hour, cooled undgmndrogen and mounted quickly in
the nitrogen stream of the single crystal diffracéter. Single crystal X-ray structural
analysis shows that the crystals3diave undergone a single-crystal to single-crystal
transformation and form compoufd at high temperature. Exposure of these dehydrated
crystals to moist air for two day results in théorenation of3. This single-crystal to
single-crystal transformation experiment was repegtatsecond time on the same two
crystals, and again single crystal X-ray analysisagh stage showed the crystals still
diffracted, but showed some signs of decay. Ingartant to note that in these
experiments the single crystal are cooled from amtitiemperature to 100 K at each step
to collect the X-ray data, again indicating thebgity of these crystals. In a separate
experiment, single crystals were heated in a S&Higpe under nitrogen to 200 °C for an
hour, cooled under nitrogen and mounted quicklghenitrogen stream of the single
crystal diffractometer and again X-ray structunahlgsis shows that the crystals3fiad

undergone a single-crystal to single-crystal trarmftion to form compound*. TGA
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experiments show that compouBtdis stable until 335 °C, well above the decompoait
point.

As shown in Fig. 1.23b fat, decomposition temperatures for compoudsare
280, 227, and 314 °C, respectively. Compouhdad6 maintain single crystallinity
upon heating up until 250 and 215 °C, respectivahygle crystals heated to these

temperaturestill diffract. Compouncdb does not retain single crystallinity when heated.

L @ . o
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E” 128°C 319° Eﬂls
k=) k=) 280 °C
w 10 =
= = 10
= =
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0 : : : : | 0 . . : |
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Figure 1.23.Thermal gravimetric analysis for compouridand4.

Spectral AnalysesCompoundd-6 all display similar fluorescence spectra. Comptexe
with theL 45 ligand all exhibit red-shifted emission spectraewltompared to the
protonated form, Haa, and complexes with tHege, ligand all exhibit blue-shifted
emission spectra when compared to the protonated fdl s.. No trends were found

between structure type, cation choice, and flu@ese maxima. Fluorescence excitation

and emission maxima are given in Table 1.4.
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Table 1.4.Fluorescence excitation and emission maxima #@ptiotonated ligands and
their compounds.

Compound  Excitation Max (hm) Emission Max (nm)

HL 4 381 450
1 K(L 42)(MeOH) 379 469
2 K(L)(H,0) 380 462
3 Na( ,.)(H,0) 373 453
6  Cslaw) 395 465

HL qor 380 470
4 Kl 395 438
5  Cslee) 412 427

Second Harmonic GenerationCompoundd-3 and4-6 all contain the naphthalimide
chomophore and crystallize in the noncentrosymmspace groupB2;2;2; andP2;,
respectively; space groups that can potentiallyegge interesting nonlinear optical
behavior. We did not detect any SHG with an incidesvelength of 1064 nm from+3.

It is possible that these materials do show noatimgtical SHG activity but at different
incident wavelengths. Fdr, 5 and6, powder SHG measurements indicate a SHG
efficiency of approximately 38 a—-SiO, in the 4563 um particle size range. Additional
SHG measurements, particle size vs. SHG efficieinclcate thatt and5 exhibit type 1
phase-matching whilé reveals type 1 non-phase-matching behavior. Ak 4ti£and6
fall into the class B and C categories, respectjvafl SHG materials, as defined by Kurtz
and Perry (Figure 1.24f.Based on these measurements, we estimate thgyaWet®

susceptibilities{dermexp,0f 4, 5 and6 approximately 6.3, 6.3 and 3.0 pm/V, respectively.
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Figure 1.24.SHG efficiency for compound&6 exhibiting type | phase- and non-phase-
matching responses.

Discussion

Eight new complexes of three different alkali met@a, K™ and C$) have been
prepared from the two ligands pictured in Schem@ands that contain a carboxylate
donor group, a enantiopure chiral center and anagBithalimider-n stacking
supramolecular tecton. Even though there is a lelhgege in ionic radii with these three
metals (six-coordinate ionic radii of 1.02, 1.4&1dn67 A for N&, K*, and C§,
respectively’), each of the new complexes has a solid statetsteibased on six-
coordinate metals linked into homochiral helical ®BU central cores, with the
exception of compound®* and3* which have lost solvent upon heating and contain 5
coordinate potassium or sodium cations, respegtiBgspite this uniformity of
structure, the helical rod SBU cores form from fdiiferent, but related bonding
arrangements: ifh, 4 and5 the metal polyhedra are linked by edge-sharinguttin
bridging oxygens originating from the alcohol ardboxylate; in2, 2*, and3* by
corner-sharing through bridging oxygens originafirogn the carboxylate; i by
corner-sharing through bridging oxygens originafiragn the water; and il by edge-
sharing through bridging oxygens originating omynfi the carboxylate. Very few

homochiral helical rod SBUs have been reportedipusiy *® Also, this consistent
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formation of a central organizational structuralttee in the work described here is
uncommon for group 1 carboxylatés.

In addition to this consistent formation of a semitype of SBU, only two overall
structural arrangements of the eight complexesbserved. The five complex&s3*
are all three-dimensional rod-packed structuresuninodal 4 net, in which the
remaining two dimensions are linked by the inteoaxst of oxygens on the naphthalimide
groups bridging to adjacent SBUs forming a “squaneangement. In contrast,
complexest-6 show polar covalent linkages in only one additlahaension leading to
the formation of two-dimensional sheets. This krtat bonding to the group 1 metal of
the carbonyl oxygens coupled with intra-rod bondhthe same type present in all eight
complexes is a new bonding feature of ligands enimig the naphthalimide group that
was not present in our previous work with transitetal complexes. Such a difference
is not unexpected in complexes of these oxophigtats.

In all of our previous chemistry with these typésiaphthalimide-based ligands,
we have observed structures strongly influencestimngn -z stacking interactions. In
addition to complexe$-3* having three-dimensional “covalent” structuregytlre also
supported by these supramolecular interactionseNMuoportantly, in the structures of
complexest-6, the third dimension is supported exclusively merdigitatedt =
stacking interactions, forming SMOF solids. Thertaye of the naphthalimide rings in
complexest-6 is somewhat reduced when compared to compl&xd3s a result
emphasized by the “slippage” parameters in Tah@2sdd 1.3, but the overlap is still
substantial. It is interesting to speculate thasé noncovalent forces are instrumental

not only in the organization of the third dimensiorcomplexedl-6, but also in the
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consistency of the structures based on homochatadah SBUs in all eight complexes
reported here. This impact of the naphthalimide@molecular tecton is supported by
the fact that all of the metals have low coordiothumbers, most notably the five-
coordinate potassium cation2n, the five-coordinate sodium cation3n and the six-
coordinate cesium cations in compoubdmd6, all particularly low for these large
cations?®

A related interesting result of this chemistryhie timited amount of coordinated
solvent in all the structures. In general, grougnplexes crystallized from polar
solvents, especially those of the heavier metataji a significant amount of solvefit,
and this issue has been shown to impact on thendimaality and thermal stability of the
structures? Complexed-3 contain only one equivalent of solvent in the ctines.
Heating complexe2 and3 formed new complexeg}F and3* respectively, which have
no solvent. Complexesand5 contain no solvent by design; after obtainingrémult of
one methanol in the structure bive synthesized these,; ligand that “builds in” the
alcohol functional group to intentionally prepammplexes that contained no solvent.
While thisdesigned ligand modificatiois successful in the initial goal of eliminatirtget
solvent, the resulting tridentate bonding of thestigand also caused a structural change
from three- to two-dimensional as described abdhe. absence of solvent in complgx
is especially notable as the large cesium cati@mlg six-coordinate and has a “vacant
face” in its structure. We note that althoughdberdination sphere @& has this highly
distorted arrangement of the ligands, there arar@mply at least two Cs-H interactions

(Fig. 1.20 b). Again, as indicated above, itkely that the large naphthalimide groups
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coupled with ther 'z stacking interactions strongly influence the amafrsolvent and
relatively low coordination numbers in these stuves.

The presence of solvent makes a substantial inguattte thermal properties.
Compoundl loses the bridging methanol upon heating resultirggpolycrystalline
powder (p) which is stable up to the decomposition poinuah318 °C. Although this
loss of solvent results in collapse of the singlestal structure, this desolvated solid can
be recrystallized to reform the starting structlinehe cases of compoungdsnd3,
coordinated water can be reversibly removed/ina@ted into the structure by heating in
the absence of water vapor and cooling in the psef water vapor througias/solid,
single-crystal to single-crystal transformatiors the case of compouritkhere is no
huge impact on the crystal structure from the fiansation, likely a function of the fact
that the water molecule is a terminal ligand. Tdsslof water results in a 5-coordinate
potassium cation, which is unusually low, and ghdldecrease of the unit cell volume.
Upon heating compourfgl the water that ithe only bridgebetween the sodium cations
was lost, but the crystatemain suitable for single crystal X-ray analydis the structure
of this new compound3*, the role of the carboxylate group changed frérto u?-«':x*
and O3 rotates 1.36 A closer to the adjacent sodation to form a direct interaction in
order to satisfy the coordination environment & slodium cations and retain the
homochiral helical rod SBU structure (Figure 1.Z3posure of the single crystals3)f
to moist air over the course of three days resualgsreincorporation of water into the
bridging position of the rods reformiry againwithout loss of single crystallinityl his
reversible single-crystal to single-crystal tramsfation can be repeated second time, but

with modest degradation of the crystal (note thystals are cooled to 100 K at each step
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for the X-ray analysis). It can be argued that stiactural change is supported by the
intra-rod chelate rings formed by the carboxylatd aaphthalimide carbonyl, which
change from a nine-member ringdno a seven member ring #. Remarkably, these
reversible single-crystal to single-crystal tramsfations occur in the absence of
channels. In contrast to the solvated crystalstaty of solvent free compoundisnd6
are amazingly stable; they retain single cryst#jliap toca. 210 °C, well above the
decomposition point of the protonated ligand. Rtability is particularly notable for an

SMOF solid, where at least one dimension is orgahanly by noncovalent forces.

(2)

Figure 1.25.A comparison of hydrate8l (a) and dehydrategt (b) and the differences in
carboxylate bonding; black C, red O, blue N, wiklteyellow Na.

All of the compounds exhibit luminescence whickngwn to be derived from
the naphthalimide ligand. Compounds containing.th€ ligand (-3, 6) are all red-
shifted by 3-19 nm with respect to crystals of pnetonated ligand whereas compounds
containing the_ s, ligand @, 5) are both blue-shifted by 32-43 nm with respec¢ht®
crystals of the protonated ligand.

The second-harmonic generation efficiency of tresapounds was studied for
several reasons: the naphthalimide ring is a kndwomophore, the ligands are

enantiopure and lead to the formation of crystath woncentrosymmetric space groups
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and rod shaped SBUs are known to promote integestecttronic properties because of
the extended metal-metal interactiGh€ompound4-3 did not exhibit observable SHG
efficiency at an incident wavelength of 1064 nmt, tampound<}-6 did exhibit modest
SHG efficiency for MOF-like compounds in the rarae80 x a-SiO,. Compoundg and
5 exhibit type | phase-matching behavior while coonuab6 is type | non-phase
matchable. The SHG effect4i6 is thought to originate from the lower symmetry of
these networks becauseb contain the same building blocks: enantiopurechéliods of
alkali metals ana ' stacking. The strong SHG response coupled withmetemntion of
crystallinity at elevated temperatures makes com@sd-6 potential candidates for
practical applications.
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Chapter Il
Framework complexes of group 2 metals organizelddmgochiral rods and-- st stacking

forces: a breathing supramolecular MOF

’Adapted with permission from Reger, D. L.; LeitnAr; Pellechia, P. J.; Smith, M. D
Inorg. Chem.2014 53(18), 9932-9945. DOI: 10.1021/ic501581c. Copyrigtil4

American Chemical Society.
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Introduction

The crystal engineering of metal-organic hybrid enials with novel extended
structures remains an important goal in synthesiscaystal growtt.Metal-organic
frameworks (MOFs) are composed of groups of metad,ialso known as secondary
building units (SBUs), covalently connected in grieto- or three-dimensions by organic
linkers? Supramolecular tectons (e.g. groups that can lggirdond or participate inn
stacking interactions) can be built into the bndgligands for enhanced flexibility and
stability® Flexible MOFs can show reversible structural ctesngased on external
stimuli and have shown selective adsorption of sates that can be used for sensing and
separation$.The ability to characterize these highly flexiblgstalline materials by
solid-state NMR spectroscopy has been well estadi&>

We have designed a series of ligands (Scheme @ntaiaing a carboxylate
donor group and a naphthalimiger stacking supramolecular tecton. Of interest here
are the ligands derived from enantiopure natui@dlyurring amino acids that all contain
a single carboxylate group that coordinates tantkeéals to create the SBUs and a chiral
center that imparts its chirality on the SBU leadia solids in noncentrosymmetric space
groups>®’Using amino acid precursors provides access titianial functionality made
available by the side-chain, varying in the worgaged here from a methyl group in the
case of L-alanine (in one case R-alanine) to adwdmroup in the case of L-serine.
Most complexes of amino acid ligands involve cooatiion of the amine to the mefal.

We avoid this coordination by protecting the aminth a 1,8-naphthalimide group that
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not only blocks it from coordination, but also leapgropensity to engage in stromgre
stacking interactions, which have a substantiakicapn the 3D structur8s:*°The 1,8-
naphthalimide group is also an excellent chromophioat has many biological imaging
applications including probing, cellular imagingdadNA-tagging for anti-cancer

research because of the ability to form strongmtgecular complexes with nucleic

0 o OH o) H2N
o —
o)

N ©) N 0) N

©©©

ala ala

acids!!

ser- LBSI‘I

Scheme 2. Multifunctional Ligands
When these ligands are combined with transitioraiegthe three dimensional structures
of the new complexes are generally dominated taystacking and contain either open
channels or cavities filled with disordered solv&Tihese solids have interesting and
potentially useful properties. For example, in eqiwus paper we showed a densely
packed compound held togethersoyt stacking, [Za(L c4)4(DMSO),]-2(CH,Cl,), could
exchange interstitial dichloromethane for watempiteshe lack of pores via a single-
crystal to single-crystal transformatidhin a separate paper, we showed enantioselective
binding of racemic ethyl lactate to the copper pamtieel SBU in the compound
[Cua(L asns(pyridine)(MeOH)], also via a single-crystal to gie-crystal transformatioff.
WhenL 54 andL ¢ are combined with group 1 metals, the structureslaminated by
the consistent formation of helical rod SBUs thatia all cases homochiralThese

MOFs have been shown to be thermally stable, retsingle-crystallinity even after
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being heated to 200 °C in air. In addition, the poomds Nad( 55)(H20) and

K(L a1a)(H20) show interesting flexibility; bridging water ecules of the rod-shaped
SBU can be reversibly removed, despite coordingbamwo metals, in single-crystal to
single-crystal transformations. The combinationhaf homochiral rod-shaped SBUs and
naphthalimide groups opened up the possibilitiesfdque electronic properties, which
we demonstrated with modest solid-state lumineszand second order harmonic
generation.

There has only been limited research on the syistioé810OFs from s-block
metals with little previous ability to predict andntrol the coordination geometry, let
alone control the formation of the SBU in MOF tygimuctures? Given our success with
group 1 complexes dfy, andLser (Scheme 2.1), where we showed the consistent
formation of rare examples of homochiral rod SBUsge decided to investigate the
dicationic metals in group 2. We report here thetlsgses of complexes of calcium and
strontium with these same two enantiopure ligaadd,in one case with the enantiomeric
ligandL 52*". As observed in the group 1 complexes, the sirastof these compounds
are dominated by homochiral rod SBUs. In contr@ashe group 1 chemistry where both
3D and 2D MOF structures formed, with these groumpe2als only 1D structures form,
but ther = stacking interactions lead to supramolecular MCB*MOFs) where the
remaining dimensions are organized by noncovataces. In one case, the strontium
polyhedra adopt a rare face sharing configuratian ¢composes the rod-shaped SBU.
Another of the compounds undergoes a dynamic sitrgigal to single-crystal
transformation; a breathing SMOF where the 1D chbnoan be open or closed. The

nature of this breathing was investigated by shogyestal X-ray crystallography, IR and
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solid-state'H, **C and’H NMR spectroscopy. In addition we report the thalremd
luminescent properties of these complexes.

Experimental

General Considerations All reactants were used as purchased from Aldrieh $trem.
The syntheses of the ligand precursots,kland H.s¢; have been reported elsewhére.
HL a2 is synthesized the same ak 3 but starting with D-alanine instead of the
naturally occuring L-alanine to produce the proteddigand with the opposite handed
chirality. Elemental analyses were performed bydttdon Microlit Laboratories
(Ledgewood, NJ)*H, *C and®H solid-state NMR spectra were recorded on a Bruker
Advance IlI-HD 500 MHz spectrometer. Infrared spaaetere recorded on a Thermo
Nicolet Avatar 360 FT-IR spectrophotometer. Crystaére collected and transferred to a
drybox, ground into a Nujol Mull and placed betwéé&Cl plates. Thermalgravimetric
analyses were performed using a Thermal Analysdg @DT Q600 simultaneous
DTA/TGA system. The samples were heated in dryoa00 °C with a heating rate of
10 °C/min. For compount], the experiment was terminated after the decortiposi
temperature was recorded because it frothed whatedhéo decomposition. The
fluorescence measurements were done on a Perkier Elmmbda 35 UV-vis
spectrometer.

[Ca(L a1a)2(H20)]-(H20) (1). HL 45 (2.0 g, 7.4 mmol) was added to a solution of
potassium hydroxide (0.42 g, 7.4 mmol) in water 125 and stirred for an hour until the
solution was homogeneous. The solvent was evapbaaie the remaining solid dried in
vacuo to produce the potassium salt of the lig&tid,() as a light brown powder (1.96

0)- A 9 mL thick walled glass tube with a Teflore® top was charged with a sample of
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this solid (0.055 g), calcium nitrate tetrahydr@€17 g, 0.075 mmol), and 1 mL of a
1:1 water/isopropanol solution and heated at 12007@r the course of heating for 3
days, yellow crystals grew on the walls of the tabeve the solvent line. After no
starting material remained at the bottom of thetube heat was removed and the system
was allowed to slowly cool at a rate of about 1°@/rmall yellow crystals were
collected from the walls of the tube and washedh wiethyl ether to provide 0.031 g of
single crystals. Anal. Calcd. (Found) fogoB,:CaN.O,o: C 58.98(58.92); H 3.79 (4.02);
N 4.58 (4.34).

[Ca(L ser)2]-(H20)2 (2). This complex was prepared as fausing KL ¢ (0.050 @),

calcium nitrate tetrahydrate (0.010 g, 0.061 mmaalj 1mL of a 1:1 water/isopropanol
solution to produce colorless crystals that wershed with methanol to provide 0.026 g
of single crystals. Crystals were dried to constegight before elemental analysis. Anal.
Calcd. (Found) for ggH24CaNO;2: C 55.90 (56.29); H 3.75 (4.05); N 4.34 (4.83).

[Sr(L a1a)2(H20)]-(H20)3 (3). A 9 mL thick walled glass tube with a Teflon®artop was
charged with K 45 (0.050 g), anhydrous strontium nitrate (0.019¢)70 mmol), and 1
mL of a 4:1 water/methanol solution and heated2ét°LC. Yellow crystals grew
overnight on the walls of the tube above the sdllier. Small yellow crystals were
collected and washed with methanol to provide 0§28single crystals. Anal. Calcd.
(Found) for GoH2gN201,Sr: C 51.72 (52.09); H 4.06 (3.84); N 4.02 (3.89).

[Sr(L aa*) 2(H20)]-(H20)3 (3*). This compound was prepared by the same procedure
for 3 but starting with K 5,5*.

[Sr(L ser)2(H20)] (5). This compound was prepared by the same procedui@?2, but

with Sr(NG;), (0.032 g) to produce large colorless needles. & crystals were
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collected from the walls of the tube and washedh wiethanol to provide 0.060 g of
single crystals. Crystals were dried to constangktdbefore elemental analysis. Anal.
Calcd. (Found) for §H2,N,01:Sr: C 53.42 (53.45); H 3.02 (3.29); N 4.16 (4.16).
Single-Crystal to Single-Crystal Experiments — Syritesis of [Sr(Laa)2(H20)] (4).
Compound3 undergoes a reversible single-crystal to singystat transformation when
placed under vacuum to form [8k(z)2(H20)], 4. Single crystals of compouriwere
collected from the walls of the solvothermal tubesl washed with methanol. After
checking the unit cell with single crystal X-rayfcaction to verify crystallinity, the
crystals were held under vacuum for one hour amglesicrystal X-ray diffraction showed
that compound had formed, although the crystallinity was degdadeal. Calcd.
(Found) for GoH2N206Sr: C 56.11 (56.50); H 3.45 (3.28); N 4.36 (4.4M)is same
batch of single crystals were then returned tcaagyVial that was kept in a humid
environment for 24 hours and single crystal X-réfraction showed thad had reformed
and the crystal quality had improved. The experiteas repeated on the same crystals

three times with the same results.

Crystallographic Studies.For all complexes, X-ray diffraction intensity datere
measured at 100(2) K using a Bruker SMART APEXrdiftometer (Mo I§ radiation, A
=0.71073 A). The raw area detector data frames westuced with the SAINT+
program. Direct methods structure solution, diffexe Fourier calculations and full-
matrix least-squares refinement against F2 weremeed with SHELXS/L,
implemented in OLEX2. Non-hydrogen atoms were ediwith anisotropic

displacement parameters. Hydrogen atoms bondeathbor were placed in
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geometrically idealized positions and includedidsg atoms. For compounds5
crystal enantiopurity and the “S” configuration ¢ept 3* where it is “R”) of the chiral
carbon (C13 in all structures) were establishethbyabsolute structure (Flack)
parameters of zero (within experimental error)wstifrom the X-ray data sets. For
compoundl the data crystal was mounted inside a thin-waileds capillary along with
a drop of the mother liquor. Previous studies iatiid some decomposition of the
crystals in air. Attempts to cool crystals in aogien cold stream resulted in loss of
crystallinity accompanied by clouding of the crystand broadening of the diffraction
maxima. Details of data collection are given in [€gh1.

Table 2.1Crystallographic Data

1 2 3 3* 4 5
Formula GoH23.8CaN0g 01  CaoH24CaNeO12  CaoH2g.0dN2012.05r CaoHag 1dN2012.055r  GaoH22N20gSK GaoH22N201:1Sr
Fw, g mol" 610.97 644.59 696.57 697.03 642.11 674.11
Cryst. Syst. Tetragonal Monoclinic Tetragonal Tetragona Tetragonal Orthorhombic
Space group P4:2,2 Cc2 P4,2,2 P452,2 P4,2,2 P2:2,2,
T,K 296(2) K 100(2) K 100(2) K 100(2) k 100(2) K 100(R)
a,A 20.8348(16) 15.585(4) 19.868(3) 19.9415(9) 19.030(5) 7.0910(9)
b, A 20.8348(16) 21.919(5) 19.868(3) 19.9415(9) 19.030(5) 14.1845(18)
c,A 14.064(2) 8.214(2) 14.975(4) 14.9995(13) 14.797(7) .628(3)
B, deg 90 103.410(4) 90 90 90 90
v, A® 6104.9(12) 2729.6(11) 5911.0(18) 5964.8(7) 5359(4) pailiyg
z 8 4 8 8 8 4
Ri(1>26 (1)) 0.0564 0.0438 0.0538 0.0325 0.1329 0.0304
WR(1>25 (I ))b 0.1428 0.0971 0.1118 0.0841 0.3251 0.0646
Flack Parameter 0.01(5) -0.01(3) -0.015(11) -0.018(2) 072(13) -0.007(4)

"RL =X |Fol - Fell /Z IFol, "WR2 = { £ [ W(Fo*F¢’)* ]/ £ [ w(Fo*)* ] } 2

Results

Synthesis.

Single crystals of [CEI].(a|a)2(H20)]'(H20) (1)’ [Caﬂ- ser)2]'(H20)2 (2),

[St(L aia)2(H20)]-(H20)s (3), [Sr(Laia*) 2(H20)](H0)s (3*) and [Srlser)2(H20)] (5) were

synthesized via solvothermal methods by combiniegaotassium salt of each respective

ligand and the appropriate alkaline metal nitrat& (molar ratio) in a mixed solvent
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system containing a mixture of either methanolaatker or isopropyl alcohol and water.
The sealed tubes were heated at 120 °C in an thilviagh the crystals growing slowly
just above the solvent line of the hot tube.

Compound3 undergoes a single-crystal to single-crystal fiansation when placed
under vacuum to form compoudd[Sr(L 45)2(H20)], where the interstitial waters &are
removed, but the coordinated water molecule rem&il@aing crystals ot in a humid
atmosphere leads to the reformation of crystaline process that can be repeated at
least three times. Monitoring the crystals at estelp by single crystal X-ray
demonstrates that single crystallinity is retaimethis process.

Structure Descriptions. Compoundl, [Ca(l aa)2(H20)]-(H20), is composed of
calcium cations bridged Wy, ligands into a chiral helical rod SBU that is naigitated
with adjacent parallel rods by the supramoleculat stacking of the naphthalimide rings
to generate a 3D SMOF structure. The coordinationber of the calcium cation is
seven and the irregular polyhedron most closelgmdses a capped octahedron. There
are two nonequivalent ligands and each have diftereordination modes (Figure 2.1).
One carboxylate adoptsuac’:x* bonding mode (this ligand is disordered over titess
and only one version is shown) while the other aasiap-zcl:zcl bonding mode, thus

filling five of the seven coordination sites. Ahet key difference between the two
ligands is the orientation of the methyl grouphet thiral center, which are oriented in
opposite directions with respect to the crystabipinicc-axis. The last two metal sites are
occupied by a bridging water molecule generatimgetige shared polyhedra that make
up the helical rod SBU. The homochiral, M helicesated by the bridged calcium

cations have a pitch of 14.06 A (Figure 2.2). Thanetwo types of 'z stacking in
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which the naphthalimide rings are involved: intoatt 7 stacking where ligands with
opposing methyl orientation from the same rod stagkther, and inter-rogt ' stacking
where ligands from adjacent rods interact with anether to generate the 3D SMOF
structure. All of the ligands are involved in boyipes ofr ' stacking creating pairs of
1,8-naphthalimide rings that interdigitated withrpdrom an adjacent rod. The metrics
used to evaluate the = stacking are listed in Table 2.2. Thstacked pairs of
naphthalimide rings df are oriented in a “square” arrangement, Figureghi), so that
each rod interacts with four adjacent rods gensgati3D network with square shaped

channels (Figure 2.3). These channels are occlyyiedsordered water molecules.

Figure 2.1 The C&" coordination environment of [a.)2(H-0)]-(H.0) (1)
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Figure 2.2 Side view of the helical rod formed fahby edge shared calcium polyhedra
(left) and a top-down view of the helices showihg haphthalimide overlap of intra-rod
n 't stacking (right).

Figure 2.3 A top down view of the 3D supramolecular structofeompoundl where
calcium cations are highlighted in yellow, adjaceelices are either red or blue and the
disordered interstitial water molecules are coldesd.
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Compoun, [Cal ser)2]- (H20),, contains calcium cations bridged by,
ligands into a homochiral rod SBU that interactthwvadjacent parallel rods through
supramolecular interactions of the naphthalimidgsi The eight coordinate calcium
cations are bridged throughx":x carboxylates which occupy six of the coordination
sites (Figure 2.4). The remaining sites are ocalpiethe alcohol group, an additional
donor group designed into the ligand, which chel#te calcium atoms generating 6-
member rings. The homochiral zig-zag rods creayelriolged calcium cations have a
pitch of 8.21 A (Figure 2.5). There are interstitimter molecules present that are
hydrogen bonded to the alcohol, the naphthalimabanyl and one of the bridging
carboxylates, all within the same SBU. The napimfide rings in compound are
oriented in a rectangular shape, Figure 2.5 (rjghith two pairs of naphthalimide rings
interdigitating with two pairs on adjacent rods geating a two dimensional structure of
layered sheets (Figure 2.6). There are no stropgaswlecular interactions between the

sheets. The = stacking metrics for compouridare listed in Table 2.2.

Figure 2.4The C&" coordination environment of [ae,),]- (H20)2 (2)
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Figure 2.5Side view of the zig-zag rod Ihformed by edge shared calcium polyhedra
(left) and a top-down view of the rod (right).

Figure 2.6 A top down view of the supramolecular structure@inpound? with calcium
cations highlighted in yellow and rods involvedrtistacking are the same color. The
sheets of homochiral rods composed of interdigitatgphthalimide rings extend from
left to right and adjacent sheets are differenbiIThe hydrogen bonded water
molecules are colored teal.
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Compound3, [Sr(L an)2(H20)]- (H20)3, contains strontium cations bridged lby(,
ligands into a homochiral helical rod SBU that rat#s with adjacent parallel rods
through supramolecular interactions of the naphthde rings. Each of the strontium
cations is 8-coordinate. Six of the eight coordorasites are occupied by bridgipg
x:x? carboxylates from four different ligands. While e nonequivalent ligands share
the same coordination mode, they are distinctan ¢ime has a coordinated naphthalimide
carbonyl oxygen that forms a 7-membered chelatgwihile the other does not. The
ligand without the second mode of coordinationiseiered over two positions; only
one is shown. The last coordinate site is occupied water molecule that is involved in
hydrogen bonds to the carboxylate O8A and to tiphtielimide carbonyl O6A from a
different ligand (Figure 2.7). The P helix creabgdedge-shared strontium polyhedra has
a pitch of 14.98 A (Figure 2.8, left). Each of tiaical rods interacts with four adjacent
rods through strong = stacking interactions generating rectangular-sti@apannels
with a pore size of 1.9 x 7X that are occupied by disordered water moleculegi(E
2.9). Thern & stacking metrics for compourddare listed in Table 2.2.

The structure of compour8f, formed with the ligand R-isomdr,,* ', is the
same as$, but in the enantiomeric space group. As showngaré 2.8 (right), the

helical rod has the oppositd-helicity.
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Figure 2.8Chiral rods in3 (left) and3* (right) formed by edge shared strontium
polyhedra generating andM helices, respectively.

51

www.manaraa.com



Figure 2.9 A top down view of the 3D supramolecular structofeompound where
strontium cations are highlighted in green, adjabefices are either red or blue and the
disordered interstitial water molecules are coldesd.

Compound undergoes a single-crystal to single-crystal fiazinsation wher is
left under vacuum to form [3r(i4)2(H20)] (4), where all of the interstitial water is
removed. The overall structure about strontium taedSBU rods for compountiare
similar to3 (Figure 2.10), but the unit cell volume has beatuced by about 9%mostly
along the crystallographiee andb-axis. Figure 2.11 shows that the once open channel
of 3 are now gone generating a closed form. Thereuapeisingly large differences in

then n stacking metrics as listed in Table 2.2.
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Figure 2.10The Sf* coordination environment of $rf,)»(H»0) (4)

Figure 2.11View showing how the channels of compoueft) close in4 (right) along
the crystallographic axis. Strontium cations are highlighted in gresfjacent helices
are pink or blue and the disordered interstitialevanolecules are teal.

Compound, [Sr(L ser)2(H20)], contains strontium cations bridgedlby, ligands

into a homochiral rod SBU that interacts with adjacparallel rods through
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supramolecular interactions of the naphthalimidgsi The strontium cations are 9-
coordinate and bridged iy« carboxylates from four different ligands. This
monodentate carboxylate coordination mode leaves for the alcohol group of both
ligands to coordinate forming 6-membered chelatgsi In addition, for one of the two
ligands a naphthalimide carbonyl oxygen bonds fogw [3.2.2] bicycle with the
strontium cation through the carboxylate, the atd@md one of the carbonyls of the
naphthalimide ring (Figure 2.12). Another differerfoom compoun@® is the water
molecule bridges strontium cations. Because ther@aw three bridging oxygen atoms
between each cation, this chiral rod SBU is compgaddace-sharing strontium
polyhedra (Figure 2.13). The M helix created bylhdged strontium cations has a pitch
of 7.09 A. Each of the rods interacts with fouraadjnt rods through = stacking of the
naphthalimide rings, but no channels form in tlimpound due to the offset packing

(Figure 2.14). The = stacking metrics for compouridare listed in Table 2.2.

Figure 2.12The Sf* coordination environment of [Sr{e)>(H20)] (5)
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Figure 2.13Side view fors of the chiral rod formed by face-shared strontiustypedra

(left) and a top-down view of the rod (right).
Figure 2.14A top down view along the crystallograpla@xis of the 3D supramolecular

structure of compoun8 where strontium cations are highlighted in greett adjacent
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Table 2.2n'© Stacking Parameters

Compound Type of Stacking Cen-Cen(A)dipole 2 P plane 2 (°) avg dist (A) % (A)b
intra-rod 3.77 53 1.7 3.50 1.42
1 [Calaa)2(H20)]- (H.0) inter-rod 3.62 129 0.5 3.48 0.99
inter-rod 3.67 115 3.8 3.51 1.06
inter-rod 4.37 137 27 4.04 1.69
2 [Cat-sez]- (HzO) inter-rod 417 130 26 3.93 1.39
inter-rod 4.46 91 8.6 3.48 2.79
3 [SrLara)2(H20)1(H20) inter-rod 3.57 127 9.7 3.48 0.73
inter-rod 3.54 64 9.3 351 0.47
inter-rod 4.46 71 1.2 3.31 2.98
4 [Sr(Laa)2(H20)] inter-rod 3.51 70 6.9 3.50 0.23
inter-rod 4.00 52 10.7 3.55 1.84
5 [ST(Lee)2(Hz0)] ?nter-rod 4.00 160 19.8 3.46 1.96
inter-rod 4.42 176 19.8 3.48 2.68

%elative rotation of the rings (180° is the headdibarrangementkslippage parameter,
the third side of the right triangle formed witrethverage perpendicular distance
between the two rings and the line between thecswral carbon atoms of the rings.

Infrared Spectroscopy.Infrared spectroscopy, coupled with the preparation
isotopomers, were employed to better understandbtbeof both the interstitial and
coordinated waters during the “breathing mechanisfihe inter-conversion of

[Sr(L aia)2(H20)]- (H20)3 (3) and [SrL aa)2(H20)] (4). In order to eliminate the impact of
atmospheric moisture, samples were ground in aocdrybth nujol oil and the sample
chamber of the FT-IR instrument had a continuoow tf nitrogen. The spectra for
compound3 and [Sr{ 45)2(D20)]-(D20)s 3ds (prepared using 4D as the solvent in the
reaction), are shown at the top of Figure 2.15t H@), an O-H stretching vibration is
located at 3520 cthand for3ds (d)an O-D stretching vibration is located?800 cn-
The broad peak and 2 small humps just below 3000amd the two sharp peaks below
2400 cnt are due to the nujol oil. Spectra run on crystélsoth compounds exposed to
vacuum, now the dehydrated forshgb) and4d, (e), show similar D and RO peaks,
respectively. Whe#d is rehydrated with BD vapor for 24 hourssompoundddg forms

the IR spectrum (c) shows only adpeak and little or none of the® peak. Whedd,
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is introduced to kD vapor,compound forms the IR spectrum (f) shows only the®
peak and little or none of the,D peak. The coordinated water cannot be distihguis

from the interstitial water in any of these spectra

(@) [StLy)(HLO)H0O); 3) F
an

, b
(©) Sty ,0)|D;0); (3dy) () [St(Ly)-(LOY (H,0); (3)

4000 3000 2000 4000 3000 2000

Figure 2.15Infrared spectra of Nujol mull of compouBda) which was dehydrated (b)
then rehydrated with f® (c). The opposite was done with the perdeusekdd) which
was dehydrated (e) then rehydrated wit®H).

Nuclear Magnetic ResonanceSolid-state nuclear magnetic resonance experinmesrts
performed on compoundsand4 to investigate the use of these methods on thggesin
crystal to single-crystal transformation. Th€NMR experiments had poor resolution,
but some information could still be learned. Fostiety, the'>C NMR spectra have well-
resolved resonances and assignments can be madecadig@ded with FSLG HETCOR
(Figure 2.16). The resonances at 15 ppm ifi8eNMR spectra are assigned to the
methyl group and correlate strongly with the resmesat 1.5 ppm in théd NMR
spectra. The methine carbon has a distinguishismnance at 60 ppm in thi&c NMR

spectra that correlates strongly with the resonande5 ppm in théH NMR spectra. The
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large resonances around 140 ppm are assigned &odimatic carbons, which correlate to
the 7 ppm range in tH&l NMR spectra. The naphthalimide carbonyl resonsiace
located at 160 ppm and the carboxylate carbonginasces are at 175 ppm. Even though
3 and4 share the same assignments, they can be cleffdseditiated by theit*C NMR
spectra’H NMR experiments on compoun@snd4 show nearly identical spectra, but
with 3 having a much larger integration at 4.5 ppm thafhe resonance at 4.5 ppm has
two components; one from the methine hydrogen®fitand, as confirmed by
HETCOR experiments, and the other comes from theneantribution, which has much
less integration for compourd

This assignment of the water resonance was cortitogéH NMR experiments.
The®H NMR experiments were carried out on crystals areg using deuterated
solvents, RO and COD, to yield the compour@ls. Initial °‘H NMR experiments were
measured on as-prepared crystals that were notiwadued because drying also
removes the interstitial waters &fThe fast spinning spectra showed a sharp resenanc
and a small broad resonance that was apparendaftenvolution (Figure 2.17a). By
slowing down the spin rate the two components spite and it is more obvious (Figure
2.7b) that there is a sharp and weaker broad coemdpake pattern). Because of the
sharpness of the dominant resonance, indicatirtghtsaspecies is in thfiast motion
limit in the solid-staté? the sharp component was attributed to adsorbeerwatthe
crystals and the broad component to compdund order to confirm this assignment, the
adsorbed water was removed by drying, thus dehnwdrabmpounddg, and rehydrating
the resultingdd, in the presence of @ vaporrestoring compoun8dg, but now with no

adsorbed water. Spectra of this sample (Figurec2d)7show only the broad peak that
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had been deconvoluted from the original spectruth@fas-prepared crystals; confirmed
by chemical shift and similar half height widths1@f0 Hz. Due to the broadness of the
resonance, the interstitial water was found tonlostinguishable from the coordinated

water by’H NMR spectroscopy, but the chemical shift assignmeade from théH

spectra around 4.5 ppm was confirmed.

ST, U LN by
, ' ] pm]

150 100 50 0 [ppm] 150 100 50 0 [ppm]

Figure 2.16 FSLG HETCOR spectra of compouBda) and4 (b).
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Figure 2.17°H NMR of as preparefldg: fast spin (a) and slow spin (5H NMR of 3ds
after dehydrating and rehydrating in the preserfid,@: fast spin (c) and slow spin (d).
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Thermal Analysis. Thermal gravimetric analyses of compoudesunder a steady
stream of dry air are shown in Figure 2.18. Upoating, compound experiences a
weight loss between 51 and 181 °C correspondiniyetdoss of coordinated and
interstitial water from the compound (7.5%, calsd%). Compound remains stable
upon further heating until reaching the decompasipoint of 357 °C, well beyond the
decomposition point of the protonated ligand, i At this temperature the solid begins
to froth so the experiment was terminated. Compdunddergoes a similar weight loss
between 64 and 139 °C corresponding to the logg@fstitial water (6.4%, calcd. 5.6%).
Compound remains stable until the decomposition point @ 2&. Compoun@® shows

a gradual weight loss between 35 and 197 °C casrelpg to the loss of coordinated
and interstitial water (9.0%, calcd. 10.3%) and aera stable until decomposition at 305
°C. Thermal analysis of compoubdhows the loss of coordinated water between 104
and 186 °C (2.6%, calcd. 2.6%) and remains stattiedecomposition at 247 °C.
Rehydration experiments were performed with all poonds by switching to ambient
air; in the cases of compoun2land5, when crystals were heated well above the
dehydration point followed by cooling in air, watemreincorporated over a period of ca
18 hr into the compounds regaining the lost we{gidure 2.19). These solids have lost
single crystallinity in this process, but were sinaw retain crystallinity at the end of the
rehydration by PXRD (see Supporting Information)similar experiments, compou3d
does not rehydrate for a week. In this case, PXRKizements on this heated and

dehydrated solid d show loss of crystallinity.
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Figure 2.18TGA for compoundgq, [Ca( aa)2(H20)]-(H.0) (top left),2,
[Ca(L sen2]- (H20): (top right),3, [Sr(L ain)2(H20)]-(H0)3 (bottom left) andb,

[Sr(L sen)2(H20)] (bottom right).

—

95 T T

0 50 100
Temperature (°C)

150

100

929

Weight %
-3
5]

96

100 150 200
Temperature °C)

Figure 2.19Removal and reuptake of water from compogriekft) and compoun8

(right).

As outlined in the NMR sectioAH NMR experiments indicated that the as-

prepared crystals & contained some adsorbed water. To test for theepie of this

adsorbed water, TGA analyses were carried out @@skprepared compoufBidg that

had undergone the brief air drying protocol usetheinitial NMR experiment and
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another batch of crystals that had been dried engdrated with BO (3dg—4d,—3dg).
As shown in Figure 2.20, the weight loss of the samples was different with the

weight difference between the two of 0.56% (abo8tv@ater molecules per strontium

cation).
100
Qo5
EE'
5
=
S0
> 0.56%
0 50 100 150 200 250

Temperature (°C)

Figure 2.20TGA of as prepared compouf3ds (red) and3ds after being dehydrated and
rehydrated in the presence ofvapor (black).

Fluorescence AnalysisCompoundd-3 and5 exhibit substantial solid-state fluorescence
originating from the naphthalimide chromophoreha tigand and their spectra are
shown in Figure 21. In the case of thg, adducts of the group 2 metalsgnd3), the
fluorescence maximum is red-shifted with respe¢h#ligand and in the caselof.,
adducts of the group 2 metalsgnd5), the fluorescence maximum is blue-shifted with

respect to the ligand.
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Figure 2.21Solid-state fluorescence spectra for compali(top left),2 (top right),3
(bottom left) andb (bottom right). The blue lines illustrate the eéatibn spectrum, the

green lines represent the emission spectrum, ankthlines signify the fluorescence
maximum of the protonated form of the ligand froacke complex H s (1, 3 and Hoger

(2, 5), respectively.
Discussion

We have prepared a series of compounds from tkadiaé earth metals (Ga
and Sf*) andL a5 (Laiw*") andLser (Scheme 1) ligands, designed for the preparation o
enantiopure, chiral supramolecular MOFs (SMOFsjilarly to complexes of these
ligands with group 1 metals, a consistent struttmatif is formed where homochiral
rod-shaped SBUs dominate the topology &and stacking between 1,8-naphthalimide
rings link adjacent rod SBUs with supramoleculaetactions. While the rod structural
motif is the same in all compounds, there are ingmdifferences, including how the
cations are bridged by carboxylate groups and stltlee orientation and overlap of the

naphthalimide rings and whether or not the compeward porous. The coordination
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number of the cations that make up the rod-shapdir&nge from seven-coordinatb (
to nine-coordinates) where the other compounds 8, 3*) are eight-coordinate. All of
the SBUs rods are homochiral and consist of egldge-shared polyhedr&-4) or the
unusual face-shared polyhed&. (Very few MOFs containing homochiral rod SBUs
have been reported previousiAs expected, the structures&nd3*, formed from
enantiomeric forms of the same ligand, are the dauhéhe rods have opposite helicity.

The most prominent structural feature of this wadpecially when coupled with
our previous paper on group 1 metals with the dagaads, is the consistent formation
of rod SBUSs, rods that are necessarily homocheabhbse of building the ligands from
enantiopure amino acids. The s-block metals ggpéagk the formation of consistent
SBUs as one varies the metHig|though it has been pointed out recently thatatger
metals of group 1 are likely to form rod structuweth anionic oxygen donor ligand8.
With our ligands containing the large, st stacking naphthalimide group, we
consistently observe rods with both group 1 andefaia even though the rods are built
from a variety of bridging oxygen donor motifs, lunding cases where the only bridge
comes from the solvent. Nevertheless, the rodsist@msly form. In contrast, transition
metal complexes of these ligands do not form rodd SE"1°

In four of the five compound4(3, 4 & 5), each of the rod-shaped SBUs is
interlocked with four adjacent rods throughz stacking in a motif similar to the
uninodal £ net if they were covalent connections2|rthe naphthalimide rings for one
rod are oriented in a position where two pairsaghthalimide rings interdigitate with
two pairs on two adjacent rods resulting in 2D shewestead of a 3D network. In the case

of compoundd and3, which are complexes with the,, ligand, there are open 1D
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channels along the crystallographiaxis that are occupied by disordered solvent. én th
Lser ligand compound® and5, the introduced alcohol functional group bondsrtietal
decreasing ligand flexibility and impacting theustiures. In the calcium compl@xthe
alcohol in the ligand occupies the coordinatiorssitccupied by the coordinated solvent
in its analogous alanine analbgwhereas in the strontium complexes the presehae o
additional oxygen donor serves to increase thedwoation number of the cation when
compared to the alanine analdgin both complexes with tHese, ligand there are no
channels present. Finally, of the eight group hglexes reported previously and the
group 2 complexes reported here, only compduaghibits intrarodt "z stacking.

While compoundl is unstable in air, compoun@sb are robust. When compoungsnd

5 were heated in a dry environment they lost waderall as single crystallinity, but
upon cooling and exposure to atmosphere the lostrwaas reincorporated into the
structures, as confirmed by TGA and PXRD. The ablthe water is different in both
compounds, interstitial i and coordinated iB. The removal of coordinated and
interstitial water could not be differentiated retTGA of1.

In a similar way, compoun8 loses bonded and interstitial waters between &1-13
°C (again not differentiated in the TGA), but instikase the dehydrated solid does not
readily rehydrate. In contrast, when exposed tacaum, compound loses only
interstitial waters while holding coordinated watesind retains single crystallinity to
form 4. In this reversible transformation, the poresampound3, which are oriented
along the crystallographizaxis, are closed by a contraction along the ater
crystallographic axes leaving the unit cell voluaid reduced by 9%.The flexibility

needed for this process to take place withoutddsengle crystallinity is imparted into
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these solids by the inherent flexibility of ther stacking interactions of the
naphthalimide rings. As we have discussed b&tdfand again emphasized by the data
in Table 2.2, the rings can rotate and/or sliphim $olid-state with respect to each other
(as measured by the dipole angle and slippage paeamrespectively without any
large change in the energy associated with theaupitecular forces For example, as
shown in Figure 2.22 for two of the interactionmsthe transformation & to 4 the rings
rotate (91, 127, 64n 3 versus 71, 70, $2n 4) and slip (2.79, 0.73, 0.4¥in 3 versus
2.98, 0.23, 1.84 in 4) to accommodate the reversible loss or gain oéway
combining the strong covalent forces of the rodesllaSBUs with the flexible n
stacking of the naphthalimide supramolecular symttioe structures of the resulting
solids can readily adapt to opening or closinghefpores while maintaining single
crystallinity. This type of “dynamic breathing” four SMOFs is thuan expected
consequence of the design of the sysWmnote that others have reported the use of
hydrogen bonding interactions to prepare complaexcgires with mixed covalent/

supramolecular interactions with interesting préipst®

Figure 2.22View of two of ther 'z stacking interactions of the naphthalimide rings
found in compoun® (left) and4 (right). Top: the dipole vectors between the rings
decrease from 127° to 70° accompanied by a slippagemeter decrease of 0.73° to
0.23°. Bottom: the slippage parameters betweenitiigs increase from 0.47° to 1.84°.
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We used the preparation of isotopomers (exchargiyfor H,O) and X-ray
crystallography, solid-state IR and, ?H and**C NMR to more closely investigate the
breathing mechanism of compouBdSingle crystal X-ray diffraction shows that after
exposing dehydratetito D,O for 24 hours the channels reopen and fill widodilered
solvent, analogous to the experiments describedealdh rehydration with BD. The
IR spectrum of this compound shows a peak at 260baorrelating to the D-O
stretching andho peak at 3500 chrcorrelating to HO, indicating the formation &ds.
This isotopomer can also be made directly by uBig@ in the original preparation. This
cycling of 3—»4 —3dg and als®Bds—4d,—3 showed conclusively there is an exchange
between the coordinated water and the interstitzérs of3 during the breathing, even
though the compound that forms upon dehydratipretains the coordinated water. The
'H NMR spectrum of both & andof 4 are similar, with the only difference the
integration of the resonance around 4.5 ppm, wisicttributed to the water. This
resonance assignment was confirmed bythBIMR spectra 08ds. In contrast, thé’C
NMR spectra of the two compounds are very diffeeamd clearly identify the
compounds. We note an interesting and potentialhfusing observation while
obtaining théH NMR spectra 08ds. The initial spectrum of the as prepared sample o
3ds, synthesized from deuterated solvents but notwaadried to prevent the formation
of 4, was unexpected as it showed a sharp componermy deawning out the broader
signal from the compound. The sharp component wesmhined to arise from adsorbed
water on the crystals from the solvothermal synghéster vacuum/hydration cycling
the crystals3ds—4d,—3ds, the adsorbed water was absent andi#hEMR spectra had

only one resonance, showing that the sharp resenaas indeed the adsorbed water.
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These experiments also show that the coordinatéer wauld not be distinguished from
the interstitial waters by either IR @i NMR.

Like most compounds with a 1,8-naphthalimide mgiebmpound4-5 all
exhibit significant solid-state luminescence. Th®fescence maxima for compourids
and3 are red-shifted by 32 and 16 nm, respectively,wd@mpared to the protonated
ligand, as expected for a typical ligand to mekadrge transfer. Interestingly the
fluorescence maxima for compourzland5 are blue-shifted by 34 and 48 nm
respectively. All alkali metal complexes with thessame two ligands exhibit the same
trend of red-shifted fluorescence maximaligg and blue-shifted fok s¢r complexes.
Compoundb, the only compound containing face-shared polydeeixhibits the most
blue-shifted maximum of all our compounds to date.
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Chapter Il
Cesium complexes of naphthalimide substituted calate ligands: Unusual geometries

and extensive catiom interactions

3Adapted with permission from Reger, D. L.;LeitnAr; Smith, M. D.J. Mol. Struct.

2015 1091 31-36. Copyright 2015 Elsevier.
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Introduction
Coordination networks based on cesium cations @oeypunderstood and under-
researched? Such compounds generally have high coordinationbairs for the large
cesium cations, mainly with oxygen donors deriveanf solvents present during the
synthesis > When large aromatic groups are present in thadigasome or all of the
solvent donors can be excluded from the strucfiité these cases, the more normal
cesium-oxygen bonds are replaced with interactimtaeen the highly polarizable
cesium cation and aromatic systems of the orgaoies.

We have previously reported a series of ligandeéérfrom amino acids
containing the 1,8-naphthalimide group and stuttiei chemistry with transitiotf: *°
and group 1 and 2 metdis® An important goal of this work is to investigaketimpact
of the 1,8-naphthalimide supramolecular tectormoag we have shown to enter into
strongn 'w stacking interactions, on the formation of extehdguctures. Four of these
ligands, differing in regards to the side-chairtd link between the carboxylate anion
and a 1,8-naphthalimide functional groups, areupgxt in Scheme 3.1. Of particular
interest here was our reported structure df &35’ where the cesium cation is in ag O
environment, and no solvent was present in thearggspite a synthetic procedure that
used both water and methanol. In the structuee¢tiordination environment of the
highly distorted cesium cations appeared to balstat) by interactions with the methyl

groups and naphthalimide groups in the ligandscommtrast, the complex Cshas a
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regular structure where the “designed ligand modifon” of building into the ligand an
additional alcohol donor group satisfies the cesaomrdination spher¥.

O OH O 0

O
A o o me
O

O _N_O Oy _N O N_O o _N_O

Q0 QU QO QO

L

I

gly Laia” Lser Lene”

Scheme 3.Multifunctional Ligands

These results prompted additional efforts to pregamplexes of this family of
ligands with cesium cations. Reported here arsynéheses, fluorescence and X-ray
crystal structures of the cesium complexed Gg(and Csl end, the latter forming from
the dehydration of the ligarid, during the synthesis. Both complexes show extensive
interactions between the cesium cations and hydooocagroups in the ligands, as well as
extensive supramolecular interactions betweenttbegy = r stacking naphthalimide
supramolecular tectons.
Experimental
All reactants and solvents were used as purchasedAldrich and Strem. Elemental
analyses were performed by Robertson Microlit Labmies (Ledgewood, NJ). The
fluorescence spectra were recorded on a Perkin{HI®&5 fluorescence spectrometer.
Single-crystal samples were ground into a 6 mmagadl a 1% attenuator was used for all
measurements. The syntheses bfiHand H._ s, were reported previously: %
Synthesis of Ck(y) (1)
Cesium hydroxide hydrate (0.500 g, ca. 2.5 mmo# diasolved in water (20 mL).LHy
(0.681 g, 2.67 mmol) was added and the reactionumastirred until homogeneous. The
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solvent was removed and the remaining powder dni@dcuo to produce a yellow
powder (0.984 g). A 9 mL thick walled glass tubé¢hva Teflon stopcock was charged
with the solid (0.10 g) and ethanol (2.0 mL) andtlkd at 120 °C overnight or until the
solution became homogenous. The heat was removktharsystem was allowed to
slowly cool at a rate of about 1°C/min. Over therse of 3 hours needle crystals grew
from the solution and were collected from the tudned dried over filter paper to provide
0.080 g of light brown single crystals. Anal. Cal@@ound) for GsHgsCsNQ,: C 43.44
(43.58); H 2.08 (2.09); N 3.62 (3.47).

Synthesis of Ckfne) (2)

HL s (0.761 g, 3.5 mmol) was added to a solution oiuredydroxide hydrate (0.500 g,
ca. 2.5 mmol) in water (20 mL) and stirred for auhuntil homogeneous. The solvent
was removed and the precipitate dried in vacuaadyzce a light yellow powder (1.017
0)- A 9 mL thick walled glass tube with a Teflowgtock was charged with the solid
(0.10 g) and ethanol (2.0 mL) and heated at 12@Rr the course of heating for 6
hours, colorless platelike crystals grew on thdsafl the tube above the solvent line.
The heat was removed and the system was allowsldwdy cool at a rate of about
1°C/min. Crystals were collected from the wallghed tubes and dried over filter paper to
provide 0.015 g of single crystals. Anal. Calctbrd) for GsHgCsNQy: C 45.14
(44.80); H 2.02 (1.96); N 3.51 (3.45).

Isolation of H.gne

Single crystals o2 (0.050 g, 0.12 mmol) were added to water (10 nmd) mixed until
homogeneous. The solution was acidified with BCI and the resulting white

precipitate was isolated via gravity filtration awdshed with water and dried in vacuo to
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yield 0.028 g (88%) of Hene HRMS: DP (m/2): Calcd for [GsHoNO,4]* 267.0532;
found 267.0528'H NMR ((DsC),SO, 300 MHz) 8.52 (dd, 4H, nphth), 7.91 (t, 2H,
nphth), 5.71 (m, 1H, methylene), 4.90 (m, 1H, mkthg).
Crystallographic Study

Crystal data and data collection and refinemerdmpaters fo and2 are given
in Table 3.1. X-Ray intensity data were collected@0(2) K using a Bruker SMART
APEX diffractometer (Mo I radiation,k = 0.71073 A) [21, 22]. The raw area detector
data frames were reduced and corrected for abearpffects with the SAINT+ and
SADABS program$! ?*Final unit cell parameters @fwere determined by least-squares
refinement of 8986 reflections from the data sataFunit cell parameters @were
determined by least-squares refinement of 321&ctdins from the data set. Direct
methods structure solution, difference Fourier walitons and full-matrix least-squares
refinement againgt were performed with SHELXSflas implemented in OLEXZ.

Compoundl crystallizes in the space group C2/c as deternmiyetie pattern of
systematic absences in the intensity data andégubcessful solution and refinement of
the structure. The asymmetric unit consists of ¢@sum atoms and one ligand. Both
cesium atoms are located on special positionstaréfore are each shared between two
asymmetric units: Csl is located on an inversiontarzeand Cs2 is located on a two-fold
axis of rotation.

Compound? crystallizes in the space group:PRas determined by the pattern of
systematic absences in the intensity data. The @&ynt unit consists of one cesium
atom and one ligand. The largest electron deps&ak remaining in the final difference

map (3.75 @A%) is located 0.87 A from the cesium atom. For bmimpounds non-
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hydrogen atoms were refined with anisotropic disghaent parameters. Hydrogen atoms

were placed in geometrically idealized positiond arcluded as riding atoms.

Table 3.1.Crystallography Data.

1 2
Formule C14HgCsSNGC, C,5HgCsSNG,
Fw, g mol* 387.12 399.13
Cryst. Syst. Monoclinic Monoclinic
Space group C2/c P2,/n
T, K 100(2) K 100(2) K
a, A 30.430(7) 13.6049(15)
b, A 4.9820(12) 6.8100(8)
c,A 16.566(4) 14.4187(16)
a, deg 90 90
p, deg 101.951(4) 105.345(2)
vy, deg 90 90
Vv, A3 2457.0(10) 1288.3(3)
z 8 4
Data/restraints/parameters 3067/0/183 2617/0/190

Final R indexes [I>=2 (I)]*" R,=0.0224 wR=0.0549
Final R indexes [all data] R;=0.0240 wR=0.0557

Largest diff. peak/hole / eA

0.64/-0.42

R=0.0441 wR=0.0979
R=0.0529 wR=0.1021

3.75/-1.18

Mo Ka radiation\ = 0.71073 APR1 =X |Fol - Fdl| /= [Fo|, "WR2 = { = [ W(Fo>-F?)? ]/

T [W(Fo)? ]2

Results

SynthesesMixing HL gy and H-ser with CsOH in water produced Qsfy) and

Cs(sen)- Single crystals of CE(y) (1) were grown from heating the powder of ICg()

under solvothermal conditions in ethanol. Heatimgpowder of C4(se,) in ethanol

under solvothermal conditions resulted in the dedéyoin of the ligand forming single

crystals of Cd(ene (2) on the walls of the reaction vessel above theestlline. We note

that our previous preparation of crystallinelCg{) was the same as that reported here for

Cs(Lend, €xcept methanol was used for the solvothernegl’$tin determining the
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structures of botR and Csi_se;), multiple crystals were mounted and the unit cell
determined showing the sample was homogenous. $dasalated Hen in high yield
from the decomposition of Asf,¢. The reasons for the dehydratiori_Lgf; in ethanol
are not clear, especially given that we have preshoheated mixtures of other group 1
and 2 metals andse; under a variety of solvothermal conditions andenbsd no
dehydration of the ligantl: *® 2°

Solid State structure of 1. The coordination environments for both unique
cesium cations are shown in Figure 3.1. The Cd@reatre coordinated by six oxygen
atoms fromy®-«*:x* carboxylates in an unusual Planar arrangement. The carboxylate
oxygen atoms (O3) from twogy,” ligands bridge Cs2 cations generating chains géed
shared polyhedra extending along the crystallogcaphxis. A second chain of edge-
shared polyhedra (-Cs1-Cs2-Cs1-Cs2-) extends ahengrystallographic axis bridged
by carboxylate oxygens (O3 and O4) to generateocadivmensional sheet parallel to the
crystallographidc plane. The Cs1 cations are in an octahedral emwviemt where O3
and O4 are in an equatorial belt and the axia$ site occupied carbonyls of the
naphthalimide groups (02), forming seven-membegsin

The hexagonal @coordination geometry around the Cs2 cation isligiglanar
(Figure 3.2), where the least-squares plane hasenage deviation of 0.019(3) A,
creating two open faces that are occupied by edigg® naphthalimide ring (C11, C12,
H11, and H12) on either side. These interactioasdentified as)>-coordination because
of the short bond Cs-C distances (3.22 - 3.78 Ail&r reported cesium carbon

interactions are between 3.20 and 4.1%*A.

77

www.manaraa.com



In addition to these catiominteractions, the 1,8-naphthalimide rings are ined
in a unique form ofcx stacking. As we have outlined previousiyhese relatively
strong interactions are defined by a series ofiogetthe angle made by the planes of the
two rings and the separation; the overlap of thgsias measured by the “slippage”
parametey, which is the third side of the right trianglerdoed with the average
perpendicular distance between the rings and tiegdining the central fused ring
carbon atoms of the two rings; and the rotationentade by the two naphthalimide
dipole vectors, which run through the central rmagbon atoms, pointing toward the
nitrogen. As can be seen in Figure 3.3a, the atanmt of the naphthalimide rings that
results from the coordination of one of the carbaxygen atoms with Cs1 and thé
interaction with Cs2 leads to intra-sheetrt stacking interactions where the average
distance between the parallel rings is 3.30 A nalication of a relatively strong
interaction, but the slippage parameter is faahge at 3.73 A (stronger interactions are
below 3.0 A)!**°

The unusual feature of the interaction is thatrihgs are oriented head to head
with a dipole vector rotation angle of zero. We é@veviously shown that the strength of
the interaction is not very sensitive to this ratatangle unless it is very small — our
previous low value is 35% This potentially negative force is negated in comml1 by
the large slippage parameter, where all of thepalje is along the aligned dipole vectors,
such that the nitrogen atoms are oriented oveartbmatic rings and not the nitrogen
from adjacent rings, Figure 3.3b. Because of ttr@isheetr n stacking of the

naphthalimide rings, there is no strong interacbetween sheets.
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Figure 3.2.Coordination environment of Cs2 from Cg() (1) with thin gold lines
highlightingn? interactions with 1,8-naphthalimide rings.
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(b)

Figure 3.3.(a) View along the crystallographticaxis of a sheet of Qsgy) (1). (b) View
showing intra-sheet head to headrt stacking and slippage of the naphthalimide rings.

Solid State structure of 2 The irregular coordination environment for the
cesium cations in Ck{nd (2) is shown in Figure 3.4. Each cation is 6-coortinaonded
by four different ligands, three of which are invedl in bridging the cations into rods
throughu-x*x? carboxylates extending along the crystallographagis. Thel ene ligand
that is chelated to a given cesium cation also baadhat cesium through a
naphthalimide carbonyl (O2) making seven membaregsr As shown in Figure 3.5, the
sixth site on each cesium cation is filled by ahtbplimide carbonyl (O1) from an
adjacent rod. These interactions bridge parallés iato two-dimensional sheets along
the (1 0-1) crystallographic plane.

Figure 5 also shows the most interesting featfitbe structure. Each methylene

group, which forms by elimination of water, is |ted between two cesium cations from
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adjacent rods that are linked by the bridging naplimhide carbonyl (O1). There are two
types of interactions. In one case the C14-Cshuiist is 3.58 A and the C13-Cs1
distance is 3.81 A; this interaction is best démias)*-coordination. A second Cs1
from an adjacent rod interacts with the other faiche same methylene group, the C14-
Cs1 distance is 3.67 A, but the C13-Cs1 distarskmg at 4.34 A, indicative of afl-
interaction®>?’ Each of the highly distorted cesium cations maitemteraction of each
type from its open face to two different methylgmneups, one intra-rod and one inter-
rod. These bridging-n%n! interactions with each methylene group supporQte
linkage of the rods into sheets.

The 2D sheets are held together into a 3D supramiadlestructure by
interdigitated 1,8-naphthalimide rings involvedsinongr = interactions, Figure 3.6a.
The rings in any stack are parallel with an averdigtance of 3.32 A and the dipole
angle between the rings is 180°. As seen in Figu8b, there is a moderately large

slippage parameter of 2.62 A.

Figure 3.4.Rods of Cd(ene (2).
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Figure 3.5.Coordination environment in s, (2) showing the linkage of the rods
into sheets by interactions of naphthalimide caybgroups with cesium cations in
adjacent rods and thg:n'-interactions between cesium cations and the metleyl
groups. Adjacent rods are tinted red, yellow angklespectively.

(b)

Figure 3.6.(a) View parallel to the crystallograpHit 0 -1) plane of C&(ene (2)
showing the “zipper-like’t-n stacking interactions between differently colosbeets.
(b) View along thé axis showing the overlap of naphthalimide rings

Fluorescence
The fluorescence spectra for both compounds wargaced to the protonated ligands of
each complex, Hgy for 1 and H-enefor 2. The protonated ligands have similar spectra

with fluorescence emission maxima.fx r) at 447 and 475 nm, respectively. The spectra
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for compoundL is slightly red-shiftedAnax ;=453nm) and the spectra for compouhid

slightly blue-shifted Xmax ;=450nm).

Discussion

Both new compounds reported here form solid-stBXslt#et structures of cesium
cations linked by oxygen donors, with naphthalinriggs located on each side of the
sheets. Similar arrangements were observed inrenrqusly reported compounds
Cs(Las) and Csse).>” *® An interesting feature is that none of the foumpounds have
solvent ligands originating from the polar, watkrdol solvents used in the
preparation/crystallization, a feature that appearamon with ligands that contain the
large “lipophilic” naphthalimide group” 1% 2%

In all cases, the cesium cations have a relatiesdycoordination number of
six.}” ¥ Despite having the same coordination number, i@tyanf coordination
geometries are observed. In Cgf), the cations are in a fairly regular trigonalspniatic
coordination environment and the Cs1 sites irLggp(are in a distorted octahedral
environment. In contrast, the Cgf and Csi,) cations have coordination spheres that
are slightly over half-filled with oxygen atoms suthat there is a large open face in
each. The Cs2 sites in Cgfy) are very unusual, where the geometry of the oxybgor
atoms is hexagonal planar and the cation has twa tares.

In these three cases of cesium cations with lapge daces in the coordination
sphere, the empty spaces are filled by interactiatishydrocarbon moieties in the
ligands. Each type of interaction is differentda( ), there is an interaction with the

edge of a naphthalimide group and there are alssuat agostic C-H interactions with
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the methyl group of the ligand, having short Csi€amhces (3.66 A) and small €l4-C
angles (109-112°). We note agostic interactionwéen cesium cations and methyl
groups have been suggested previofiglgs outlined abovey®-coordination from the
edge of naphthalimide groups occupy the two fat¢@tamar Cs2 and a combination of
n% andn’-interactions with methylene groups occupy the daers in Cd(end. Overall,
the distorted geometries observed for these cesations appear to be a result of the
propensity of this polarizable cation to interadtwt and evero orbitals in the ligands;
the former interactions have been termed “solvatfor

Finally, a driving force for the chemistry reportedm our group using ligands
such as pictured in Scheme 3.1 is a study of theempuences of the supramolecular
organizing force of the strong = stacking of the naphthalimide groups. These fodoes
organize the 2D structure of €Cg(e (2) into a supramolecular 3D structure, as was
observed in both Ckgja) and Cslser). In contrast, the stacking interactions inlCg/)
are intra-sheet leaving the structure as 2D. Tiseed intra-sheet = stacking of
naphthalimide rings with aligned dipole vectorsgame in compound were predicted
via ab initio calculations to be unfavorable, thdde calculations had a slippage
parameter of zer6'In Cs( gy), these predicted unfavorable interactions aredaby
the large slippage value (3.73 A) along the aligdipole vectors.

The solid state fluorescence spectra for thesdssalere compared to the
protonated forms of their respective ligands arahsslightly red-shifted emission
maxima for Cd( ) and Csk4y) and blue-shifted emission maxima for Cgf) and
CslLend. This fluorescence is based on the naphthalimidag® *°and is not greatly

perturbed by the interactions this group has withdesium cations.

84

www.manaraa.com



References

(1) D. Banerjee, J. B. Paris€ryst. Growth Des2011,11, 4704-4720.

(2) K. M. Fromm,Coord. Chem. Re2008 252 (2008) 856-885.

(3) J. A. Bertke, A. G. Oliver, K. W. Hendersdnprg. Chem2012 51, 1020-1027.
(4) B. Masci, S, Pasquale, P. Thué@yyst. Growth Des201Q 10, 2004-2010.

(5) G. Smith, U. D. Wermuth, D. J. Young, J. M. Whigalyhedron2007, 26, 3645-
3652.

(6) D. Hoffmann, W. Bauer, P. v. R. Schleyer, U. PigfperStalke Organometallics
1993,12, 1193-1200.

(7) M. Niemeyer, P. P. Powdnorg. Chem1996,35, 7264-7272.
(8) D. F.-J. Piesik, P. Haack, S. Harder, C. Limiheorg. Chen2009,48, 11259-11264.
(9) A. Steiner, D. Stalkdnorg. Chem1993,32, 1977-1981.

(10) G.W. Rabe, S. Kheradmandan, L. M. Liable-Sand&, Guzei, A. L. Rheingold,
Angew. Chem. Int. EA998 1404-1407.

(11) M. F. Zuniga, G. B. Deacon, K. Ruhlandt-Sengeyg. Chen2008,47, 4669-
4681.

(12) L. Orzechowski, G. Jansen, S. Hardemgew. Chem. Int. E@009,48 3825-
3829.

(13) K. T. Quisenberry, C. K. Gren, R. E. White, T. Rartidsa, W. W. Brennessel,
Organometallics2007,26, 4354-4356.

(14) D. L. Reger, A. Debreczeni, M. D. Smithyr. J. Inorg. Chen2012 2012 712-
719.

(15) D. L. Reger, A. Debreczeni, M. D. Smith, J. JekarA. Ozarowskilnorg.
Chem.2012,51, 1068-1083.

(16) D. L. Reger, A. Debreczeni, M. D. Smitinorg. Chem2011,50, 11754-11764.

(17) D. L. Reger, A. Leitner, M. D. Smith, T. T. Tran, . Halasyamaninorg.
Chem 2013,52, 10041-10051.

(18) D. L. Reger, A. Leitner, P. J. Pellechia, M. D. 8minorg. Chem2014,53,
9932-9945.

85

www.manaraa.com



(19) D. L. Reger, A. Debreczeni, J. J. Horger, M. D. BiCryst. Growth Des2011,
11, 4068-4079.

(20) D. L. Reger, A. Leitner, M. D. Smittnorg. Chem2012,51, 10071-10073.

(21) SMART Version 5.630, SAINT+ Version 6.45 and SADABSrsion 2.10.
Bruker Analytical X-ray Systems, Inc., Madison, \dbgsin, USA, 2003.

(22) G. M. SheldrickActa Cryst2008,64, 112-122.

(23) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, JKAHoward, H. Puschmann, J.
Appl. Cryst.2009,42, 339-341.

(24) D.L. Reger, A. Debreczeni, B. N. Reinecke, V. RassaV. D. Smith, R. F.
Semeniuc|norg. Chem2009,48, 8911-8924.

(25) J.P. Tellam, G. Kociok-Kéhn, D. R. Carbe@rg. Lett.2008,10, 5199-5205.

(26) H.-W. Lerner, |. Sénger, F. Schddel, A. Lorbach,Bdlte, M. WagnerDalton
Trans 2008,787-792.

(27) M. Albrecht, O. Blau, R. FroéhliclRroc. Nat. Acad. Sci. US2002,99, 4867-
4872.

(28) V. Wintgens, P. Valat, J. Kossanyi, A. DemeterBlczok, T. BercesNew J.
Chem 1996,20, 1149-1158.

(29) A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugssorh.. M. Lynch New J.
Chem.1996,20, 871-880.

86

www.manaraa.com



Chapter IV
Homochiral, Helical Coordination Complexes of Laanides(ll) and Mixed-Metal
Lanthanides(lll): Impact of the 1,8-NaphthalimidepBamolecular Tecton on Structure,

Magnetic Properties and Luminescefice

“Adapted with permission from Reger, D. L.; Leitn&r; Smith, M. D.Cryst. Growth

Des.2015 15(11), 5637-5644. DOI: 10.1021/acs.cgd.5b01387 Aghy2015 American

Chemical Society.
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Introduction

We have been developing the coordination chemddthgands functionalized

with the naphthalimide-- stacking supramolecular tectbi’ In our initial studies with
poly(pyrazolyl)methane ligands, we showed thatrtighthalimide tecton is an effective
functional group to organize supramolecular stmestfiWe then developed the
chemistry of naphthalimide functionalized carboxglbgands such as those pictured in
Scheme 1 in order to take advantage of the wedlbéished ability of the carboxylate
donor group to build metal ions into secondarydiag units (SBUS), in order to form

three-dimensional assemblies akin to metal-orgfaineworks (MOFs§:*

)

O_ g E//{O_
;J\ ;/ K[ N o OH 0

|N| oiNio OiNiO | I |||| | I
Lo Led L*ala” Laia’ Lser
Scheme 4.1Multifunctional Ligands
In the complexes formed with transition metal iomgst notably those with
“paddlewheel” M(O,CR), central cores, complexes with 2-dimensional (2 eainly

3-dimensional (3D) structures were prepared thaéwenilar in appearance to classical

MOF complexes, but that were unique in that onmore of the dimensions of the

structures were organized solely by straner stacking, noncovalent forcéd2>’we call
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these structures supramolecular metal-organic fnaries (SMOFs). A unique feature of

many of these complexes, clearly attributed tovéimsatility of ther:- -t stacking ability
of the naphthalimide supramolecular synthon, wasnany of them were able to
undergo gas-solid, single-crystal to single-crystahsformations, both by removal and
reabsorption of solvent molecul&s;’in some cases coordinated solvEhand in phase

changes when varying the temperatu@ur studies showed that in these transformations

the metrics of tha---x stacking interactions could vary allowing the stusies to “breath”
while still maintaining crystallinity:®°

More recently we have described the chemistry e$¢Hligands, most notably
those derived from enantiopure amino acids sudhygsandL s/, with the oxophilic
group 1 and 2 metafs'° The structures of these complexes are dominatededy
consistent formation of helical rod SBUs, rods #y& homochiral due to their formation
from enantiopure ligands. An interesting featur¢hese complexes was low
coordination numbers for these large metal ionsthadbsence or near absence of
solvent ligands, despite the fact that the preparatwere carried out in water/alcohol
solvents, an apparent general feature of liganatsciintain bulky “lipophilic”
groups'®*?such as 1,8-naphthalimife?®

These results prompted us to carry out analogaugsest with lanthanide metals.

We had two main goals. The first was quite simpleat type of structural changes

would we observe with metals in the 3+ oxidatiatesinteracting with our bulky---
stacking, carboxylate ligands. The second relatéise spectral properties of the 1,8-
naphthalimide chromophore. We have previously reglothat the group 1 and 2 metal

complexes of these ligands exhibit significantéaliate luminescence that was only
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mildly influenced by these metdis'™ In contrast, we anticipated that the naphthalénid
group could act as a sensitizer to enhance or dimthe photoluminescence of
lanthanide metal§*®Our earlier results showing the ability of thesamds to exclude
solvent molecules was important because coordirstk@nt molecules can quench
lanthanide-based luminescertéd® Interestingly, a recent paper published after th
initiation of our studies has shown success ohlanide complexes of olc;” andL ¢
ligands (Scheme 4.1) in “achieving white-light-esiigs.™>

Mixed-metal lanthanides are highly desirable fovnqdotoluminescence
lanthanide complexes because each metal has eediffemission color which, when
combined, can create a solid with a tunable emissectrunt? Although desirable,
solid state structures of mixed-metal complexesarsewhat rare because the syntheses
generally lead to mixed phases rather than a phasepof a mixed metal compl&EXTwo
successful avenues for incorporating mixed metdhknides into MOF structures are: a
known framework can act as a host to lanthanidercguests or mixed metal
lanthanides comprise the SBEfs*

Reported here are the syntheses and solid stat#wsts of complexes of a series
of lanthanide(lll) metals (La, Ce, Sm, Eu, Gd, Td ®y) with the ligand_s.,. These
complexes show a consistent structure type delspde differences in the cationic radii
of the metals. The structures are so similar timgfles crystals of mixed lanthanide(lll)
metal complexes could be prepared and studied,eatherstoichiometric ratios of metals
in the final products are controlled somewhat lgyriglative molar ratios used in the
reactions. The luminescence spectra for the putelroempounds were studied and

compared to those of the protonated liganidsdd A series of mixed-metal compounds,
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mainly with varying concentrations of cerium(llinéterbium(lil), were studied to
determine the effects of these changes on quaniidsyRepresentative compounds,
including those of mixed-metals, are also charadrmagnetically by SQUID

measurements.

Experimental

All reactants and solvents were used as purchasedAldrich and Strem. Samples of
mixed lanthanide(lll) metals were analyzed usirgrmigan ELEMENT XR double
focusing magnetic sector field inductively coupfddsma-mass spectrometer (ICP-MS).
The elemental composition of single crystals of edbmetal complexes was verified
using a TESCAN Vega-3 SBU SEM with EDS capabilitiBlsree single crystals from
each reaction were mounted on carbon tape andzathlising a 20 kV accelerating
voltage and an accumulation time of 1 min. Exatatind emission spectra as well as
Quantum Yield were collected and duplicated thiees$ with an Edinburgh
SpectroFluorometer FS5. Magnetic properties welleated on a Quantum Design
Magnetic Properties Measurement System (QD-MPM®BI® Magnetometer).
Molecular weights for the compounds in the yieldd ausceptibility calculations were
based on the single crystal X-ray data and didnadtide the interstitial solvent removed

by SQUEEZE. The synthesis of ki, was reported previousfy.

Synthesis of [L&L sr)s(OH)(H20)]+(H.0, EtOH) (1)
HL ser (2.0 g, 3.5 mmol) was added to a solution of lithinydroxide hydrate (0.15 g, 3.5
mmol) in water (50 mL) and stirred for an hour uhtmogeneous. The solvent was
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removed and the precipitate dried in vacuo to pcedLiL ¢ as a light yellow powder
(0.868 g, 2.98 mmol). A 9 mL thick walled glasseukith a Teflon screw top was
charged with lanthanum nitrate hexahydrate (0.03D@59 mmol), LiL ¢ (0.050 g, 0.14
mmol), water (0.8 mL) and ethanol (0.2 mL) thentadan an oil bath at 120 °C. Yellow
plate crystals grew over the course of 4 days emtdlls of the reaction vessel above the
solvent line. The heat was removed and the crystate collected from the tube, washed
with methanol and dried over filter paper to pr&/@1060 g of single crystals din a

62% vield.

Synthesis of [G£L s)s(OH)(H20)]+(H20, EtOH) (2)

Compound was synthesized in a similar manner to compduhbdt with cerium nitrate
hexahydrate (0.030 g, 0.069 mmol). Yellow platestais grew overnight on the walls of
the reaction vessel above the solvent line. Théwaa removed and the crystals were
collected from the tube, washed with methanol ametdbver filter paper to provide

0.043 g of single crystals @fin a 67% yield.

Synthesis of [Sg(l«r)s(OEt)]*(H2.0, EtOH) (3)
Compound3 was synthesized in a similar manner to compduhdt with samarium(lIl)
chloride hexahydrate (0.030 g, 0.082 mmol). Thelteg) colorless block crystals were

collected and washed with methanol to yield 0.036 8in a 60% vyield.
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Synthesis of [EL «r)s(OEt)]*(H20, EtOH) (4)
Compound was synthesized in a similar manner to compdubdt with europium
nitrate pentahydrate (0.030 g, 0.070 mmol). Thaltieg colorless block crystals were

collected and washed with methanol to yield 0.0b34in a 22% vyield.

Synthesis of [GfiL «r)s(OEt)]*(H20O, EtOH) (5)
Compound was synthesized in a similar manner to compduhdt with gadolinium
nitrate hexahydrate (0.030 g, 0.066 mmol). Theltegucolorless block crystals were

collected and washed with methanol to yield 0.021 gin a 34% vyield.

Synthesis of [TH#L s )s(OEt)]*(H.0, EtOH) (6)
Compounds was synthesized in a similar manner to compduhbdt with terbium nitrate
hexahydrate (0.030 g, 0.066 mmol). The resultidgréess block crystals were collected

and washed with methanol to yield 0.022 g ai a 36% vyield.

Synthesis of [DYL sr)s(OEt)]*(H.0, EtOH)(7)
Compound? was synthesized in a similar manner to compduhdt with dysprosium
nitrate hexahydrate (0.030 g, 0.066 mmol). Theltesuyellow pyramidal crystals were

collected and washed with methanol to yield 0.021 gin a 34% vyield.

Synthesis of [CgThy AL sr)s(OH)]*(H20, EtOH), (8)

Synthesis of the mixed metal species were the sancempound but with cerium

nitrate hexahydrate (0.024 g, 0.055 mmol) and tenbnitrate hexahydrate (0.006 g,
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0.014 mmol). The resulting colorless block crystaése collected and washed with

methanol to yield 0.022 g &in a 37% vyield.

Synthesis of [GghTh, oL sr)s(OEL)]*(H20, EtOHY), (9)

Compound was synthesized in a similar manner to compduhbdt with terbium nitrate
hexahydrate (0.015 g, 0.033 mmol) and gadoliniutrata hexahydrate (0.015 g, 0.033
mmol). The resulting colorless block crystals wes#ected and washed with methanol

to yield 0.012 g 09 in a 20% vyield.

Synthesis of [GaGdy 3Ty 3(Lser)s(OH)]*(H20, EtOH) (10)

CompoundlOwas synthesized in a similar manner to compduhdt with cerium
nitrate hexahydrate (0.010 g, 0.023 mmol), gadetmnitrate hexahydrate (0.010 g,
0.022 mmol) and terbium nitrate hexahydrate (0.§1®.022 mmol). The resulting
colorless block crystals were collected and washi#id methanol to yield 0.022 g 4D

in a 37% vyield.

Powder X-Ray Diffraction

In order to test for phase purity of the crystalproducts, samples of compounds
1-10 were collected from the walls of the solvothertudles, washed with acetone and
ground in air. All measurements were performed &igaku Ultima 4 instrument using
Cu Ka radiation at a scan rate of 1 °/min between 43ne with a step size of 0.02

°20. Powder patterns were analyzed using MicrosofeEand were compared to the
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powder patterns predicted by Mercury based onitigdescrystal data. These powder

patterns demonstrate phase purityXdrO.

Crystallographic Study

Crystal data and data collection and refinemerdpaters for all compounds are
given in Table 4.1. X-Ray structure determinatians discussed in detail in the
Supporting Information.

Table 4.1.Crystallography Data.

1 2 3 4
Formula CiaHoilagNgOse  CiocHo1CesNgO4e Ci2:HgaNgOsSM;  CioHosEUsNOs
Fw, g mol* 2797.73 2801.36 2842.09 2846.92
Cryst. Syst. Tetragonal Tetragonal Tetragonal Tetragonal
Space group P42,2 P4;2,2 P4;2,2 P4;2,2
T, K 100(2) K 100(2) K 100(2) K 100(2) K
a A 15.0506(6) 15.0749(10) 14.9573(9) 14.9044(10)
b, A 15.0506(6) 15.0749(10) 14.9573(9) 14.9044(10)
c, A 55.721(2) 55.646(7) 55.690(3) 55.800(4)
a, deg 90 90 90 90
p, deg 90 90 90 90
y, deg 90 90 90 90
v, A3 12621.9(11) 12646(2) 12459.1(17) 12395.4(19)
A 4 4 4 4
R.(I>26 (1))? 0.0502 0.0368 0.0326 0.0304
WRA1>25 (1))° 0.0970 0.0894 0.0723 0.0657
Flack Parametel 0.001(6) -0.014(5) -0.005(4) -0.004(3)
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5 6 7
Formula C1oHodGUNgOss CioHoNgOssThs  CioHoDY3NgO4s
Fw, g mof* 2862.79 2867.80 2878.54
Cryst. Syst. Tetragonal Tetragonal Tetragonal
Space group P432,2 P4;2,2 P452,2
T,K 100(2) k 100(2) k 100(2) k
a A 14.9247(8) 14.9043(7) 14.9189(5)
b, A 14.9247(8) 14.9043(7) 14.9189(5)
c, A 55.654(6) 55.841(5) 55.485(4)
a, deg 90 90 90
B, deg 90 90 90
v, deg 90 90 90
Vv, A3 12396.7(18) 12404.5(16) 12349.5(12)
Z 4 4 4
R, (I>2c (1))? 0.0424 0.0394 0.0539
WR,(1>26 (1)) 0.0938 0.0891 0.1223
Flack Paramete! 0.009(4) -0.001(4) 0.012(5)
8 10
Formula CioHgsCe NgO45Thy 7 Ci2:He3Gh aANgOssTho e CiacHgeCey 4Gy sNgO45Th 15
Fw, g mol* 2797.16 2867.20 2812.79
Cryst. Syst. Tetragonal Tetragonal Tetragonal
Space group P4,22 P4.2,2 P4,2.2
T, K 100(2) K 100(2) K 100(2) K
a A 14.8679(16) 14.9095(6) 14.9837(7)
b, A 14.8679(16) 14.9095(6) 14.9837(7)
c, A 55.353(6) 55.729(4) 55.753(5)
a, deg 90 90
p, deg 90 90
v, deg 90 90
v, A3 12236(3) 12388.3(13) 12517.3(17)
Z 4 4
R.(1>25 (1))? 0.0548 0.0378 0.0411
WRA1>26 (1))° 0.1137 0.0748 0.0975
Flack Parametel -0.007(11) -0.009(5) -0.007(4)

"RL =X |Fol - Fell /ZIFo| "wR2 = { £ [W(Fo™Fc)* ]/ [w(Fs)* ]}
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Results
Syntheses of complexedlixing HL s¢r with LIOH in water produced Lise. Heating
mixtures of LL s¢r INn ethanol/water with La(N§s*6H,O, Ce(NQ)3*6H,O, SmCie6H,0,
Eu(NG;)3*5H,0, GA(NQ)3*6H,0, Th(NGs)3#6H,0 and Dy(NQ)z*6H,O under
solvothermal conditions produced single crystald_af(L ser)s(OH)(H.O)]*(H.O, EtOH)
(1), [Ces(L sens(OH)(H20)]+(H20, EtOH) (2), [Sm(L se)s(OEL)]*(H0, EtOH) (3),
[Eus(L se)s(OED]*(H0, EtOH) (4), [Gds(L ses(OED)]*(H20, EtOH) (5),
[Tbs(L sen)s(OEL)]*(H20, EtOH) (6) and [Dy(L ses(OEt)]*(H20, EtOH) (7),
respectively. An interesting observation of ourtbgtic method is that the crystals grow
above the solvent line in the solvothermal tubes.

The mixed-metal compounds [£8 by AL ser)s(OH)]+(H20, EtOH), (8),
[Gdo.aTbz 6 (Lse)s(OE)]*(H20, EtOH) (9) and [Ce 4Gdb 3Thy 5(L ser)s(OH)]*(H20,
EtOH), (10) were grown under the same conditiond-& and characterized by single
crystal X-ray crystallography, ICP-MS and EDS. Aigty of additional reactions were
carried out using different molar ratios of thetkamide(lll) metals and the formulas of
the crystalline products determined by ICP-MS. &ahP compares the percentages used
in the syntheses to the actual percentages detedmmrthe products in all of these
experiments. EDS measurements showed a consissétthution of the metals at

different locations in the crystals.
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Table 4.2.Formulas of products and percentages of metalsingbé syntheses (R) and
measured in the products per helicate (P).

Ce Sm Eu Gd Tb

Compound

R P R P R P R P R P
Ce1.4Gdo3Thy s 33% 47% - - - - 33% 10% 33% 43%
Gdo4Tb2s - - - - - - 50% 13% 50% 87%
Cepslbay 21% 10% - - - - - - 79% 90%
Cepslbas 34% 27% - - - - - - 66% 73%
Cei6lb14 57% 53% - - - - - - 43% 47%
Ceiolbyg 68% 63% - - - - - - 32% 37%
CexaTbos 81% 80% - - - - - - 19% 20%
EuysTb;s = = - - 51% 50% - - 49% 50%
Eu,.6Gdo 4 = - - - 51% 87% 49% 13% - -
Cei16EU14 50% 53% - - 50% 47% - - - -
Sy gEus 2 = -  54% 60% 46% 40% - - - -
Smys5Tbhis - -  55% 50% - - - - 45% 50%
Cer.sSmy 6 46% 47% 54% 53% - - - - - -

Solid state structure of [Sm(L ser)s(OEt)]*(H 2O, EtOH) (3). The solid state structure

of compound3 is a supramolecular framework of trinuclear, castbate bonded helicates

that crystallizes in the chiral space grd¥p2,2. The 1,8-naphthalimide = stacking
synthons organize the helicates into a 3D, supracoddr structure. There is a
crystallographically imposed two-fold axis of ratet about the central samarium(lll)

cation (Sm2). Th€; axis in the center of the helicate renders thetemminal
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samarium(lll) cations equivalent and creates twarmsgtrical sets of four ligands, A-D
and A*-D*, totaling eight ligands per helicate (Eig 4.1). The homochiral helicates
consist of three edge-shared samarium(lll) catwitis six bridgingL s¢, ligands (A, A*,

B, B*, D, D*) and two capping’, k'-carboxylate. s ligands (C, C*). The A ligand
bridges Sm1 with Sm2 vig-k*:x* carboxylate and the alcohol chelates to Sm1
generating a 6-membered ring. The B ligand simjilaridges Sm1 and Sm2 but through
ap-k':k* carboxylate while the alcohol does not coordinate metal. The D ligand
bridges all three metals Sm1, Sm1* and Sm2 threughi’:x* carboxylate while
chelating with Sm1 via the alcohol and a carboryirf the 1,8-naphthalimide forming a
[3.2.2] bicyclic system. The nine-coordin&®en1 cations are each bonded to five ligands
(A, B, C, D & D*), while the central nine-coordire&m2 cation is bonded to six ligands
(A, A*, B, B*, D & D*). The nine-coordinate Sm1* isymmetry equivalent to Sm1l and
is bonded to five ligands (A*, B*, C*, D* & D). Thénal coordination site for Sm2 is
occupied by an ethoxide ligand disordered overpasitions (O6) related by th&
symmetry.

Each of the four types of naphthalimide groupsii®lved in two types of '«
stacking interactions, one per face. Ther stacking interactions between 1,8-
naphthalimide rings are defined by the followinge® of metrics: the angle between the
planes of each ring and their average distanceanigee between the dipole vectors of
each ring, which run through the central carbomattoward the nitrogen atoms; and the
slippage parameteg) which gives the overlap of the two rings defilgdthe third side
of the right triangle formed between the averagpeedicular distance between the two

rings and the line between the two central cardoms of each ring.
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In 3, the order of stacking goes ...C, A, D, B, C, A... TeA stacking is
between helicates along the crystallograghagis forming asupramolecular helixvith a
pitch of 56 A, Figure 4.2. Because there are twtypés of each ligand per helicate, two
supramolecular helices branch from each helicagu(€ 4.2, right) with each helix of
the pair rejoining after the repeating unit of fwalicate units along each chain, the pitch.
TheM helices are tightly wound and nestled togetheruyh additionakn stacking
interactions. The AD, DB and B C stacking are between adjacent helicates lying in
the crystallographiab plane; these interactions create 2D sheets afdteB (Figure 4.3).
In these sheets, each helicate interacts withdther helicates. When combined with the
71 stacking in the-direction, the supramolecular structure is thneeethsional. The
metrics for these interactions are listed in Tab&

There is a large amount of featureless interkgtectron density peaks observed
in difference maps located in cavities betweencaedis (Figure 4.3); this mixture of the
crystallization solvents water and ethanol coultbesensibly modeled and were

removed by SQUEEZE.
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Figure 4.1.Coordination environment for samarium(lll) caticofs
[Smg(L sen)s(OE)]*(H20, EtOH) (3).

Figure 4.2.(left) Side view of the supramolecullet helices of3 formed by A°C

stacking along the crystallograpli@xis. Samarium cations are in pink and the circles
highlight the A"C stacking. (right) TwdJ helices built from A C stacking (orange and
pink) branch from a single helicate (blue) andirepfter the repeating unit of four
helicates.
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Figure 4.3.(left) Structure of3 showing how adjacent helices are nestled and held
together by A'D, D'B and BC stacking to create a 2D sheet of helicates iralhe
plane. (right) View down the crystallograpli@xis illustrating the cavities, which are
filled with disordered solvent.

The compound8-7 are isostructural, despite the changes in the sizthe metals. The
La and Ce compounds$,and2, are slightly different in that the coordinatedatdered
ethoxide in3-7, which occupies a single coordination site, idaegd by a water and a
hydroxide anion, occupying two coordination sitad anaking the central Ln2 cation
ten-coordinate. The extended structure and-athcking interactions remain the same
with slight variations in the parameters due tdedlénces in cation size (Table 4.3).
Based on single crystal X-ray data for compoud$, the mixed-metal compounds
adopt solid state structures identical to thosg with a single disordered ethoxide ligand
in the case 09 and a hydroxide disordered over three positiortkercases & and10.

The different metals are disordered evenly througltive structure with a preference for
the larger cation at the central position of thichee, as indicated by the crystallographic

Ueq Values for Lnl site compared to Ln2 from singlgstal data.

Magnetism. The magnetic susceptibility data for selected ure mixed-metal

compounds were measured with a SQUID magnetometketh& results shown in Table
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Table 4.3.n = Stacking Parameters

Compound Type of Stacking Cen-Cen(A) dipole < (°) plane« (°) avgdist (&) % (A)
C-A 3.60 58.8 5.6 3.54 0.66
) A-D 3.89 148.5 9.1 3.55 1.56
1 [Lag(L sens(OH)(H;0)]- (H20, EtOH), D-B 470 135.0 9.0 342 3921
B-C 3.79 175.2 5.9 3.44 1.58
C-A 3.57 58.7 6.0 3.52 0.61

A-D 3.8¢ 148.¢ 8.€ 3.54 1.61
2 [Ces(L se)s(OH)(H0)](H,0, EtOH), D-B 473 136.2 97 335 332
B-C 3.81 175.2 6.4 3.46 1.58
C-A 3.56 58.5 7.1 3.53 0.44

A-D 3.9t 146.¢ 8. 3.54 1.7¢
s [SMy(L-sens(OET (HO, EtOH), D-B 4.85 138.3 9.2 3.30 3.53
B-C 3.87 174.0 7.6 3.48 1.68
C-A 3.56 58.1 6.3 3.53 0.47

A-D 3.9t 146. 9. 3.54 1.74
4 [EUs(L seds( OEDT (H,0, EIOH) D-B 4.89 139.3 10.5 3.28 3.60
B-C 3.93 174.0 8.4 3.49 1.78
C-A 3.55 58.4 6.5 3.52 0.43

A-D 3.92 146.% 8.4 3.57 1.77
5 [GAy(L-se)s(OBOT (HO, BtOH), D-B 4.89 138.8 10.6 3.30 3.58
B-C 3.90 173.9 7.5 3.48 1.74
C-A 3.56 57.9 6.7 3.53 0.47

A-D 3.9¢ 145.¢ 9.2 3.52 1.77
6 [TD3(L-sea(OBY] (H,0, EIOH) D-B 4.92 139.2 11.0 3.30 3.62
B-C 3.93 173.1 7.7 3.49 1.78
C-A 3.55 57.9 7.1 3.52 0.35
A-D 3.93 146.3 7.4 3.50 1.77
7 [D(L cede( OEOTHHO, EtOH) D-B 4.89 139.2 9.8 3.29 3.60
B-C 3.90 172.8 7.3 3.49 1.71
C-A 3.51 58.4 5.7 3.48 0.40

A-D 3.92 147.: 9.3 3.52 1.7¢
8 [Ce, 5Thy AL sens(OH)](H20, EtOH) D-B 484 139.4 121 335 3.46
B-C 3.85 173.9 7.2 3.40 1.80
C-A 3.56 57.8 6.6 3.53 0.45

A-D 3.9t 146.1 9.7 3.57 1.7¢
9 [Gdy 4T, ¢(L se)s(OED)] (H,0, EtOH), D-B 4.89 138.9 11.2 3.28 0.65
B-C 3.91 173.6 7.8 3.49 1.75
C-A 3.56 58.7 6.1 3.53 0.47
A-D 3.90 146.5 9.5 3.56 1.58

Ce, ,Gdy 5Th; oL )e(OH)]-(H,0, EtOH

10 1€ GebsTh: L ses(OH)] (M * D-B 4.85 138.1 10.5 3.36 3.48
B-C 3.86 1735 6.4 3.47 1.69

4.4. The experimental susceptibilities obtainedénp-field cooling at 1000 Oe (Figure
4.4, Table 4.4) were as expected for each of thalsm an isolated environment. Fitting
the data to the Curie-Weiss law yields effectivegnmetic moments of 2.26, 7.62, 9.22,
6.67, 8.16 and 6.9@s, respectively, which are in good agreement withekpected
values of 2.54, 7.94, 9.72, 6.89, 9.50 and 7% There are no indications of
interactions between the metals despite the extermsiygen bridging groups in the
structures. Compourlshows deviation from simple paramagnetic behaviahe form
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of antiferromagnetic ordering below 50 K. For thexad-metal lanthanides, the total
susceptibilities are equal to that expected forstima of each of the metals present, taking
into account the make-up of the mixture, as deteechivia ICP-MS. Only

[Gdo 4Ty oL ser)s(OEL)]*(H.O, EtOH) deviates somewhat, but in this measurement there

was only a small amount of sample available, lomgethe accuracy of the result.

a
(a) ™
——Cey 5Tby 4
50 4 ——Ceq 46dp.3Thy 3
T e
—Gdpy 4T g
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—ce
500
400
X' s00
200 ¥= 1.569x + 27.83
R#=1
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0 T T T T T 1
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TK)

Figure 4.4 (a) Inverse susceptibilitieg, ™, measured in an applied field of 1000 Oe. (b)
Inverse susceptibility data for the Ce complex vaithonlinear deviation below 50 K.
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Table 4.4.Magnetic momentsugy) of all the compounds calculated from the inverse
susceptibility, expected theoretical momant,, calculated for the mixed-metal
complexes using the molar ratios based on the IGPMasurements), and paramagnetic
Curie-Weiss temperature (K).

Compound Hexg(Me/F.U.)  Hcadps/F.U.) 0 (K)

[Ces(L ser)s(OH)(H20)]+(H20, EtOH) 2.26 2.54 -17.7
[Gd3(L ser)s(OEL)]*(H.O, EtOH) 7.62 7.94 0.0
[Tha(L sen)s(OEL)]*(H.O, EtOH) 9.22 9.72 -2.1
[Cer 6Ty 4(L se)s(OH)]*(H20, EtOH) 6.67 6.89 -2.6
[Gdo.4Thy 6(L ser)s(OEL)]*(H20, EtOH) 8.16 9.50 -1.3
[Ce1.4Gdy 3Thy 3(L ser)s(OH)]*(H20, EtOH), 6.90 7.09 -1.0

Luminescence With one exception, all of the compounds exhiblidsstate
luminescence dominated by the naphthalimide chrévoegin the ligand. For all cases, a
blue-green emission is observed where the maxinswed-shifted with respect to the
ligand which is typical for ligand to metal chargansfer (LMCT). Surprisingly, these
results are different from all of the group 1 ancbtplexes prepared with thee,
ligand, where the maxima are blue-shifted with eespo the ligand. The emission
spectra for all of the pure metal compountig) are identical ([GgL ser)s(OEt)]*(H-0,
EtOH), shown in Figure 4.5) with the exception of theiwa(lll) and europium(lIl)
compoundsZ and4). Compound} has an additional peak at ~615 nm originating feom
sensitized europium(lll) emission as seen in Figu@

The cerium(lll) compoun@ has no solid state emission. To investigate the
impact of cerium(lIl) doping on the naphthalimidaission of the other complexes, a

series of mixed-metal compounds with varying ragbserium(lll) and terbium(lll)
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were synthesized and fully characterized. Figuesthiows how the characteristic solid-
state naphthalimide emission spectra is quenched dpping with cerium(lil). To
guantitate these observatioabsolute quantum yields the solid-state of these mixed-
metal and the pure metal complexes were measurad &dinburgh SpectroFluorometer
FS5 (Table 4.5). The pure Tb compound has theegtqtiantum yield of 13.3 £ 1.0%,
while the Ce compound excited at the same wavelg30 nm) has a quantum yield of
0.2 £ 0.2 %. All of the compounds containing a mietof these two metals have a
guantum vyield of less than 1.7 % except for onecivihias 90% Th and a quantum vyield

of 4.5+ 0.2 %.

T T T T 1

400 450 500 50 600 650 700

LA

Wavelength (nm)

Figure 4.5.Emission spectrum for [G(L ser)s(OEt)]*(H20, EtOH) (5, red) and
[Eus(L sen)s(OE)]*(H20, EtOH) (4, black).
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Figure 4.6.Emission spectra for [l ser)s(OEL)]*(H.0, EtOH) (blue) and

[Cep 7Ty s(L ses(OH)]*(H20, EtOH) (green), The inset is the emission of crystals of
[Ths(L sens(OEL)]*(H20O, EtOH) on top and [Ce;Thy s(L se)s(OH)]*(H2O, EtOH) on the

bottom.

Table 4.5.AbsoluteQuantum Yield Data.

Metal Ratios QY (%)
Ths 13.3 £+ 1.02

Ceslh,; 45 = 0.21

Cey7Th,s 1.7 = 0.18

Ceglby, 16 = 0.18

Ceolby; 09 = 0.10

CesThys 03 = 0.11
Ce 0.2 + 0.29

107

www.manaraa.com



Discussion

We have prepared a series of compounds from sdeethianide(lll) metals (La,
Ce, Sm, Eu, Gd, Tb, Dy) and the., ligand (Scheme 4.1). Complexes containing two or
more metals were also prepared. In our previouk with group 1 and 2 compounds,
1D homochiral helical rod-shaped SBUs dominateccthalently bonded part of the
structures, but with the lanthanide metals disdnet@ochiral helicate SBUs are formed.
All of the complexes with group 1 and 2 metals hatkast one dimension of the
structure held together by covalent interactionsengas the lanthanide(lll) solid state
extended structures are held together solely bystacking. All of the lanthanides
studied form a single structural type: trinucleali¢ates held together by thee
ligands, which interact with adjacent helicate®tiyhn-stacking interactions. In this
case, the helicates are organized alonges intohomochiral helicesvith an average
pitch of 56 A exclusively by stacking interactions We have observed a similar
structural arrangement once previously in [Zng)#(bipyridine)(HO),]*4.74H,0,*
although the structures are more complex with dnéhlanide complexes. These
lanthanide structures are very unusual becausehsdiclate is part of two helices
creating multiple pairs ahtertwined helices

The chirality from the ligands is expressed throtlghsupramolecular
arrangement of helicates into homochivhhelices. It is interesting that despite the
oxophilic nature of lanthanide(lll) metals, not aflthe alcohol moieties present in the
ligands are bonded to the metals. The complexdslanthanides are the first cases
where there is deprotonated solvent as part 068l with the class of ligands shown in

Scheme 4.1: OHn 1, 2, 8and10,and EtOfor the rest of the complexes. We attribute
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these latter two results to the bulkiness of tharlds coupled with the higher charge of
the metals that increases the ligand/metal raticofAhe structures have cavities
occupied by disordered solvent molecules.

Very recently, lanthanides complexes of our achiggl andL ;" ligands
(Scheme 4.1), [Li(c1)3(CH3OH)(H.0)], and [Ln c2)3(H20)]eH20« (LN = Eu & Gd),
have been prepared and structurally characterigéthh et a®* The structures of these
complexes are built on rod-shaped SBUs similautocompounds with group 1 and 2
metals®® but very different from compounds10. The presence of the alcohol moiety in
the ligand side-chain, an additional potential dagroup, leads to discrete trinuclear
helicate SBUs in the compounds reported here.

ICP-MS, single crystal XRD and EDS confirm that thxed-metal crystals
contain a disordered mixture of the metals acrdgmoaitions in the same structure type
as the pure metal complexes. Although a breadtmSfratios for the mixed-metal
complexes were observed, there appears to beergmee for some metals over others in
the crystallization process. No mixed-metal compsewere synthesized for
dysprosium(lll) despite attempted syntheses comgidysprosium and other lanthanides
(Ce, Th, & Eu), possibly due to crystallization plems (only crystalline products were
analyzed in these studies). In the three examplesx@d metal gadolinium(lIl)
compounds, the percentage of that metal in thdtmegyroducts is much lower than in
the reactants used. Thus, Gd was found to be nifficuld to incorporate into the
structure despite other cations of similar size @marge easily forming mixed
complexes. Ce and Tb readily formed mixed metatisgewith a slight preference for

Th. The other metals preferences are about eqorahlFof the mixed-metal species there
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is a slight preference for the larger of the cagitmbe located at the central M2 site of
the trinuclear helicate.

The flexible nature of the-stacking interactions likely contributes to thedevi
range of metals that can be incorporated into dineesstructure type fdr-7 and the
mixed-metal complexe8-10. Several trends can be observed across the &gucl
lanthanide complexes. As the size of the catiomgks, from 1.03 A in the case offa
to 0.91 A in the case of BY, the pi stacking parameters change, most notably t
slippage parameter and the dipole angle. The tpyestyf stacking are along the
crystallographic axis (C — A stacking) and across #ieplane (A— D, D-B and B —
C). The slippage parameters of the C ligand (Tal8¢ are the most affected by change
in cation size while the rest of the parametersaianelatively unchanged. The slippage
parameters of the C ligand change from 0.35 A afdl A in the case of the smallest
cation, Dy, to 0.66 A and 1.58 A in the case of the largasiba, L&". The C ligand is
likely more flexible because it serves only as piag ligand to the helicates, the
carboxylate isc*, k! chelating to a single lanthanum(Ill) cation. Thewament of the
other ligands is more restricted because they bridg or three metals.

Magnetic measurements of several compounds welectad and found to
display the expected paramagnetic properties. dlaufgiant interactions between metals
within the helicates or between helicates were esk The magnetic susceptibilities
very closely match those predicted based on thalmesed for the homo-metallic
compounds. For the hetero-metallic compounds,dta magnetic susceptibility is equal
to the sum of each individual metal’'s susceptil#itand these metal ratios match those

from the ICP-MS. The only deviation from normal @uyparamagnetic behavior is
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observed in the Ce compouBgwhere, below 50 K, there is antiferromagneticeoir
most likely arising from intramolecular magnetiapiing.

Previous complexes with group 1 and 2 metals yeekidids that exhibited
luminescence most closely resembling that of tisegmated naphthalimide ligand.
Complexes withL ¢, were consistently blue shifted with respect tolip@nd whereas
the complexes with 55 were red shifted; red shifting is typical for lighto metal
charge transfer (LMCT). Thieser complexes with lanthanide metals are also redeshif
Despite the 1,8-naphthalimide group being a googiseer for white light emission in
some caseS " the lanthanide luminescence was completely ovdmgée by the organic
luminescence in our complexes. The europium(lilpptex is an outlier with a sensitized
europium emission peak, resolved at 613 nm, whias far enough away from the blue-
green emission of the ligand to be observed.

The Ce comple® is non-emissive and heterometallic complexes cointa
cerium(lll) were found to have a much lower quanteid than others without it. In
order to study the effect of cerium(lll) on napHiimede emission, a series of complexes
with different concentrations of Ce/Tb were prepaaead the resulting ratios determined
from ICP-MS. The absolute quantum yield (solidestébr the pure terbium(lll) complex
is 13.3 £ 1.0 %, but once 10% cerium(lll) was impmated the quantum yield dropped to
4.5 + 0.2 %. As more cerium(lll) is doped into dwmplex and the statistical likelihood
of there being at least one cerium(lll) cation ppelicate increases, the quantum yield
drops significantly until reaching 0.2 + 0.2 %. Tiheorescence quenching mechanism is
most likely due to a charge transfer relaxationilsinto those observed with transition

metals?®?4
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Chapter V
Supramolecular Metal-Organic Frameworks of s- aBtbtk Metals: Impact of 1,8-

Naphthalimide Functional Group
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Introduction

Metal-Organic Frameworks (MOFs), highly organizetdworks of organic
ligands coordinated to metal secondary buildingsuf8BUs) to create multidimensional
structures, provide an excellent system for examgitine coordination environments of
the “hard” group 2 and “inner” transition metalsaracting with bulky polytopic
ligands'™" The organic bridging ligands can be ornamented fuitictional groups that
impart new properties on the materiaf®The bulky 1,8-naphthalimide functional group
is both an excellent chromophore and flexible suymlacular tectoff*****MOFs
prepared from ligands containing this group (Schérg provide an excellent strategy to
arrange organic photosensitizers in proximity tdaheations in an effort to create

sensitized luminescent materiatg1°>1®

0 o
o o 0 0
‘2\—0 HO\_?—O Q
0 0
N N o O 0
N N

0 0

59 9 O RO

I-ala- I-ser- I-c4_ I-1352_

Scheme 5.1Multifunctional Ligands
We have previously synthesized a series of ligdfutsexample,L aa, Lser and
Lcs in Scheme 1) derived from amino acids contairivegl,8-naphthalimide

supramolecular tecton and several points of conngcincluding a single
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carboxylate®'* >\ hen combined with group 1, 2 and transition nsetalvariety of

structural types were formed ranging from compietelvalent three-dimensional (3D)

structured® to those that are partiaflpr completely” organized byt stacking
supramolecular interactions. We have referredriecires organized in one or more
dimension by noncovalent forces as SupramolecutaMOrganic Frameworks
(SMOFs)#*1920\hen the ligand.se; is combined with group 1 and 2 metals, 1D
helical rods of corner, edge, and/or face-sharédreaare formed where the
naphthalimide supramolecular synthon organizesdtie into SMOFS:**8In one case,
[Cs(Lsen)], the ligand excludes coordinating solvent (ethland water) from the
oxophilic cesium cations. This exclusion of solvesndf particular interest because
solvent molecules coordinated to lanthanide catiamsquench fluorescente?®For a
series of complexes with the formula [@R)(L ser)s]*(H20, EtOH) (Lh = Sm, Eu, Gd,
Tb and Dy), a single structure type was formedandd metals complexes could be
prepared with some degree of control of the mixtliree luminescence properties of
these compounds were studied and in most casesithalimide emission completely
dominated the spectrum, but in the case 6f Eame sensitization occurs. Interestingly,
the C&" complex quenches luminescence, so a quantumstiedty on mixed metal
species was conducted that elucidated a charggféranechanism between and the
naphthalimide ring®

Actinide usage in MOF materials has been seldowliediidue to the diverse
topologies and coordination environmefit€ The coordination environments of actinide
metals are of particular interest because of tipiGgiions in designing extracting agents

and novel fuel precursofS The uranyl cation (Ug") is an excellent fluorophore with
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well resolved emission peaks and has a consistexatrlO=U=0 moiety, but is rare as an
SBU in MOF material§®>! The thorium cation (TH) is even more rare than uranyl in
the study of MOF architectures and the comparigdaheodifferent coordination
environments can help with separations stutfié%?°

Reported here are the syntheses and the solidcsyastal structures of a series of
complexes of a new ligand, containing the naphthdk group and two carboxylate
groups [ 132), with a series of oxophilic metals (€aB&”, La>*, Ce*, EU*, Tb*"
UO,*" and THY). Structural similarities and differences ariseoamthe different metals.
All of the compounds have at least one dimensigamzed by the 1,8-naphthalimide
supramolecular synthon. The fluorescence spectrallfoompounds were studied and
compared to those of the protonated ligang, 155 No fluorescence was observed for
Ce(L 135)3(DMF)4 and [UQ(L 135)(DMF)]-(py)o.s(EtOH)y 5, despite the presence of
multiple fluorophores.
Experimental
General Considerations
All reactants were used as purchased from Aldrieh $trem. Elemental analyses were
performed by Robertson Microlit Laboratories (Ledged, NJ) on samples dried to
constant weightH NMR spectra were recorded on a Bruker 300 MHzspmeter. The
fluorescence measurements were carried out on imbEdh Spectrofluorometer FS5.
The emission spectra were measured with a 400 itaggn wavelength in all cases
except for compoun@, Thy(L 135)3(DMF)4, which used a 507 nm wavelength. Caution:

Uranyl nitrate hexahydrate and thorium nitrate layelare radioactive materials. All
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standard precautions for handling radioactive aghtiy toxic substances should be

followed.

Synthesis of bl 135

1,8-Naphthalic anhydride (1.98 g, 10.0 mmol) arah#noisophthalic acid (2.18 g, 12.0
mmol) were stirred in dimethylformamide (120 mL)dameated under reflux conditions
overnight. The hot reaction mixture was added ¢caied the resulting precipitate gravity
filtered and dried in vacuo. The cream coloreddswalas added to a solution of methanol
(2100 mL) containing triethylamine (1.50 g, 14.8 mjrand stirred for 1 hour. Impurities
were separated via gravity filtration and the rermaj homogeneous brown solution
acidified with 3M HCI and let rest overnight. The precipitate walkected and washed
with methylene chloride (2 x 50 mL) to provide aitglsolid that was dried in vacuo to
yield 2.84 g (7.86 mmol, 79 % vyield) of product. MB: ES (m/z): Calcd. for
[C20H1:NOg]* 362.0665; found 362.0662H NMR (DMSO-ds, 300 MHz)3 7.92 (t, 2H,
napht), 8.25 (d, 2H, phen), 8.508 (s, 1H, phe®3 &d, 2H, napht), 8.56 (t, 2H, napht),

9.90 (s, 2H, -COOH). Anal. Calcd. (Found) fog,8,,NOg: C 66.49 (66.05); H 3.07

(3.58): N 3.88 (4.15).

Synthesis of [CAL 135)4(H20)g] - (H20)e s(DMF)2.6 (1)

H,L 135 (0.520 g, 1.44 mmol) was added to a solution tfigan hydroxide (0.120 g, 1.60
mmol) in a 1:1 mixture of water and methanol (100 mnd heated under refluxing
conditions for 1 hour. The heat was removed ang#tiew solid was collected and

washed with water and dried in vacuo to collec8@.4 of product. A 9 mL thick walled
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glass tube with a Teflon screw top was charged aigample of this solid (0.050 g),
dimethylformamide (1.5 mL) and water (1.5 mL) amdted in an oil bath at 120 °C.
Over the course of 1 day colorless block crystatsvgon the walls of the reaction vessel
above the solvent line. The heat was removed andrifstals were collected from the
tube and dried over filter paper to provide 0.04¥ ¢ in a 55% vyield. Anal. Calcd.

(Found) for GgHs4CayNgO2g: C 58.04 (57.55); H 3.06 (2.88); N 4.72 (5.39).

Synthesis of Bass)(H20)1.5(DMF)o 5 (2)

Compound was synthesized in a similar manner to compdubdt with barium
hydroxide (0.240 g, 1.40 mmol) and no water to giwehite precipitate (0.320 g). The
solid was heated under solvothermal conditionslamm compound. to yield colorless

plate crystals (0.040 g) in a 33% yield. Anal. @alFound) for G; H;5 BaN; Og: C

46.10 (46.23); H 2.79 (2.75); N 3.75 (3.57).

Synthesis of Ll 135)3(DMF), (3)

A 9 mL thick walled glass tube with a Teflon screyp was charged with lanthanum
nitrate (0.090 g, 0.28 mmol),.H;35 (0.037 g, 0.10 mmol), dimethylformamide (1.5 mL)
and ethanol (0.5 mL) and heated in an oil batl0at°C. Colorless plate crystals grew
overnight on the walls of the reaction vessel bellogvsolvent line. The heat was
removed and the crystals were collected from the twashed with methanol and dried
over filter paper to provide 0.054 g of single ¢&ys of3 in a quantitative yield. Anal.

Calcd. (Found) for GHgsla,N,O,,: C 52.47 (52.36); H 3.36 (3.35); N 5.95 (6.17).
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Synthesis of Gé.135)3(DMF), (4)

Compound was synthesized in a similar manner to compdihdt with cerium(lll)
nitrate (0.096 g, 0.22 mmol). The resulting irregujellow crystals were collected and
washed with methanol to yield 0.040 gdah a quantitative yield. Anal. Calcd. (Found)

for C,HsC&N;0,,: C 52.40 (51.84); H 3.36 (3.05); N 5.94 (5.92).

Synthesis of EXL135)3(DMF)4 (5)

Compoundb was synthesized in a similar manner to compdihdt with europium(lil)
nitrate (0.040 g, 0.093 mmol). The resulting caed plate-like crystals were collected
and washed with methanol to yield 0.040 ¢ ai a quantitative yield. Anal. Calcd.

(Found) for G HscEW,N;0,,: C 51.66 (51.58); H 3.31 (3.11); N 5.86 (5.66).

Synthesis of T 135)3(DMF), (6)

Compounds was synthesized in a similar manner to compdihdt with terbium(lll)
nitrate (0.040 g, 0.092 mmol). The resulting caed plate-like crystals were collected
and washed with methanol to yield 0.034 gaf a quantitative yield. Anal. Calcd.

(Found) for G,HgeTh,N,O,» C 51.23 (51.08); H 3.28 (3.17); N 5.81 (5.76).

Synthesis of [UGL 135)(DMF)]-(py)o.s(EtOH) .5 (7)

A 9 mL thick walled glass tube with a Teflon screyp was charged with uranyl nitrate
(0.010 g, 0.025 mmol), #4135 (0.010 g, 0.028 mmol), dimethylformamide (1.5 mL)
ethanol (0.5 mL) and pyridine (0.1 mL, 1.24 mmoiYideated in an oil bath at 120 °C.

Over the course of 3 days yellow prism crystalswgpa the walls of the reaction vessel
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below the solvent line. The heat was removed aedtstals were collected from the
tube, washed with methanol and dried over filtgggrao provide 0.011 g afin a 57%

yield.

Synthesis of [TH(3s5)(NOs)2(DMF);]-(DMF), (8)

A 9 mL thick walled glass tube with a Teflon screyp was charged with thorium nitrate
(0.015 g, 0.031 mmol), #1135 (0.020 g, 0.056 mmol), dimethylformamide (2 mLypan
heated in an oil bath at 120 °C. Over the cours2adys colorless plate crystals grew on
the walls of the reaction vessel above the solleet The heat was removed and the
crystals were collected from the tube, washed wigthanol and dried over filter paper to

provide 0.004 g 08 in a 15% yield.

Table 5.1.Crystallography Data

1 2 3 4
Formula Cg77Hgo1CayNe 50421  CoreHi5:BaN1:Og  CrHssl N0z CrHssCeN7O
Fw, g mol* 2101.75 560.19 1648.05 1650.47
Cryst. Syst. triclinic triclinic orthorhombic orthorhombic
Space group P-1 P-1 Pbcn Pbcn
T, K 100(2) 100(2) 100(2) 100(2)
a, A 13.7978(8) 8.5215(16) 10.2418(8) 10.2277(10)
b, A 18.3385(11) 8.6517(17) 34.742(3) 34.658(3)
c, A 18.3572(11) 14.105(3) 19.1634(15) 19.1299(19)
a, deg 101.000(2) 97.693(4) 90 90
B, deg 91.968(2) 102.534(4) 90 90
v, deg 92.246(2) 104.882(4) 90 90
v, A3 4552.0(5) 961.0(3) 6818.7(9) 6780.9(12)
z 2 2 4 4
Ry(1>20 (1))® 0.0523 0.0376 0.0596 0.0623
WRA1>25 (1))° 0.1310 0.0740 0.1557 0.1648
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5 6 7 8
Formula CrHsEWLN7Oz,  CrHssTbN7O22  CogsH21aiN25:004U  CaeH2aNsO14Th
Fw, g mol* 1674.15 1688.07 765.93 861.53
Cryst. Syst. orthorhombic Orthorhombic monoclinic triclinic
Space group Pbcn Pbcn 12/a P-1
T, K 100(2) 100(2) 100(2) 100(2)
a, A 10.1619(5) 10.1594(7) 21.498(4) 9.0236(14)
b, A 34.4601(16) 34.418(2) 16.531(4) 10.8046(17)
c, A 19.0757(9) 18.9947(14) 16.688(3) 18.003(3)
a, deg 90 90 90 86.508(3)
B, deg 90 90 92.398(4) 87.408(3)
v, deg 90 90 90 82.982(4)
v, A3 6679.9(6) 6641.9(8) 5925(2) 1737.6(5)
VA 4 4 8 2
Ry(1>25 (1))? 0.0567 0.0582 0.0501 0.0420
WRA1>25 (1))° 0.1371 0.1384 0.1429 0.0872

"RL = |Fol - Foll /ZIFo| "WR2 = { £ [ W(Fs*F)?]/ £ [ W(Fs)? ]} 2

Results and discussion

Synthesis.Naphthalic anhydride and 5-amino isophthalic ac&terheated in

DMF under reflux conditions to form the protonatighnd HL 135 This compound when

combined with Ca(OH)and Ba(OH) and heated under reflux conditions in 1:1,

MeOH:H,O or a pure MeOH solution precipitated salts oflip@nd Ca 135 and B 135,

respectively. After loading into high-pressure tsipartially submerged in an oil bath and

heating under solvothermal conditions (DMF/watsingle crystals of compounds

[Ca4(L 135)4(H20)g]'(H20)9.5(DM F)z_e (1) and Ba(_ 135)(H20)1.5(DMF)0.5 (2) grew on the

walls of the tubes. Heating mixtures oflH3s in DMF/ethanol with La(N@)3*6H,0,

Ce(NG;)3*6H,0, Eu(NQ)3*5H,0 or Th(NQ)3*6H,0 produced single crystals of

Laz(L 135)3(DMF)4 (3), CQ(L 135)3(DM F)4 (4), ELQ(L 135)3(DM F)4 (5) and
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Thy(L 135)3(DMF)4 (6), respectively, which grew on the walls of thésethermal tubes
below the solvent line. The reaction of uranylatérwith the protonated ligandlt; 35
under solvothermal conditions in a DMF/EtOH/pyrigisolution yielded

[UO2(L 135 (DMF)]-(py).s(EtOH) 5 (7), which crystallized on the walls of the reaction
vessel underneath the solvent line. Crystals oL T4)(NO3)2(DMF),]-(DMF), (8) grew
from the solvothermal reaction of thorium nitrateld+hL 135in DMF.

Solid State structure of [Ca(L 135)4(H20)g]-(H20)95(DMF) 26 (1). The irregular
coordination environments for the calcium catiohsampoundl are shown in Figure
5.1. There are four unique ligands (A-D) and fonique calcium cations (Cal-Ca4) per
formula unit. The calcium cations are bridged inéhical rods of edge-shared polyhedra
through the carboxylates of thess” ligand (Figure 5.2). For ea¢hhelical rod there is
an adjacenm-helix generating a racemic mixture. All of thelmaxylates are involved in
u-x'x? bonding, with each ligand coordinating to fourfelient metals along the same rod.
Each of the calcium cations has an 8-coordinatengéy with 6 sites occupied by
bridging carboxylates and the remaining two sitéh water. The calcium cations differ
in the disorder of the coordinated waters andkeractions with adjacent interstitial
solvents. The two coordinated water molecules fat (©7 & O8) are ordered and the
hydrogen atoms of the water molecules are modé&leel water O7 is a hydrogen bond
donor to an interstitial water molecule and anrsttgal DMF molecule. The water O8 is
a hydrogen bond donor to a well ordered interstitgter molecule, which is locked in
place by being a hydrogen bond donor to a carbtxytam ligand D and a carbonyl
from ligand C coming from an adjacent rod. The twordinated water molecules for

Ca2 (09 & 010) are both disordered over two pasgiand hydrogen atoms were not
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modeled. The water O9 acts as a hydrogen bond tacagiph an interstitial DMF
molecule. Of the two coordinated waters for Ca3] @1disordered over two positions
and O12 is ordered and acts as a hydrogen bond tiotwo different interstitial water
molecules, one which is disordered and anotherigHatked in place by hydrogen bond
interactions with a carboxylate from ligand B anchabonyl from ligand A from an
adjacent rod. Both of the coordinated waters (01318) for Ca4 are ordered and act as
hydrogen bond donors for interstitial water molesul

The four different naphthalimide rings of each evd oriented in four directions
perpendicular to the rod creating four nodes f@raomolecular interactions with adjacent
rods to build, along with the hydrogen bonding iattions, a 3D SMOF structure
(Figure 5.3). The angles between each of the nivpdesa given rod are as followaAD
=109°,.,BC = 35° andzAB = 2CD = 108° (Figure 2). Each of these nodes consisia
infinite stacking of naphthalimide rings contribdtigom four adjacent rods, two of
which areP-helices and two of which aM-helices. The sequencemofr stacking

interactions is identical within each of the node#ipwing the pattern

Table 5.2. This three dimensional arrangement keéwa types of channels filled with
solvent. Three of the channels are filled withtglig disordered interstitial solvent, an
approximate 5:1 mixture of #0:DMF, and two water molecules coordinated to caiCi
cations. The second type of channel is filled witll ordered water hydrogen bonded to

different coordinated ligands.
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Figure 5.1.Coordination environment for the four unique caleigations of
[Cau(L 135)4(H20)g] - (H20)0 s(DMF)2.6 (1)
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Figure 5.2.Two views of one-dimensional rods of compound

Figure 5.3.Three-dimensional structure of compounwhereP-helices are redy-
helices are blue and uncoordinated interstitialesatl is green.
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Solid State structure of Ba(Ly35)(H20)15(DMF) o5 (2). The solid state structure
of 2 consists of rod-shaped SBUs of edge-sharing 9daate B&" cations bridged by
L13¢ ligands into two dimensional sheets. Each bariation is coordinated by 5
ligands, a water molecule and one site occupiedisxyrdered water or
dimethylformamide in a 50:50 ratio (Figure 5.4) efhk’k? carboxylates bridge the
cations into rod-shaped SBUs while the ligand cotsadjacent rods on either side
(Figure 5.5). The naphthalimide rings chelate thasithrough the O2 carbonyl to a
different B&" cation along the chain. The naphthalimide ringeitimer side of the 2D
sheets are able to engagerint stacking interactions with adjacent sheets todoail
three-dimensional SMOF structure (Figure 5.6). The stacking interactions for
compound? are listed in Table 5.2. The coordinated DMF amdewsolvents are located
between supramolecular synthons so that the sequencring-ring-solvent-ring-ring-

solvent-....

Ba1 Bai

06
o7

\ e L
’@

08 /-

o7°

{\

Er .

Ba1
Ba1

Figure 5.4.Coordination environment of BaandL 135> in Ba( 135)(H20)1 s(DMF)o 5 (2)
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Figure 5.5.Views along edges of a sheet of compoRstiowing how ligand
carboxylates bridge edge-shared barium polyhedoalib rod-shaped SBUs (left) and
how rods are bridged into sheets with naphthalimiigs on either side (right).

Figure 5.6.Views along [11 0] (A) and [1 1 0] B) axis, showing the naphthalimide
overlap between sheets of compo@nédjacent sheets are colored differently.

Solid State structure of La(L 135)3(DMF) 4 (3). The solid state structure 8f
consists of dinuclear units of edge-sharing 9-cimaiteé L&" cations that make up the
SBU (Figure 5.7). The SBUs are connected in twoetlisipns by six bridgin 135~
ligands to generate sheets in a square-shapegajtern, where the SBUs make up the

nodes (Figure 5.8). Four of the ligands “di-bridgBUs along the crystallograplae
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axis while the other two ligands bridge SBUs altimgj crystallographic-axis. This SBU

§132333nd bares

is similar to others reported for lanthanide orgédramework
similarities to the paddlewheel SBU frequently alssed with transition metals with four
points of extension at 90° angles from one andther.

The 2D covalent sheets are engagedimeractions with adjacent sheets on
either side to generate a 3D SMOF (Figure 5.9)erdlare two types af interactions
that the naphthalimide is involved mn: n interactions between naphthalimide rings of

adjacent sheets and C-Hh interactions between rings within the same sHagu(e

5.10). Ther = stacking interactions for compouBdre listed in Table 5.2.

Figure 5.7.Secondary building unit (SBU) of compound(la 35)3(DMF), (3) consists
of two edge shared La(lll) cations.
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Figure 5.8.Covalent sheets (naphthalimide rings excludeapaipound3 with di-
bridging carboxylates along tlaeaxis (black) and singly-bridging carboxylates @jdhe
c-axis (red).

Figure 5.9.View showing interdigitation between covalent seedtcompound.
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Figure 5.10.0rientation of naphthalimide rings between covasdreets of compourigi
where rings from different sheets are differenbcal There are C-Hr interactions
within a sheet and '« interactions between adjacent sheets.

The solid state structures of A(a135)3(DMF)4 (3), Ce(L 135)3(DMF)4 (4),
Ew(L 135)3(DMF),4 (5) and Th(L 135)3(DMF),4 (6) are isostructural despite changes in the
sizes of the metals. The extended structure andsalicking interactions remain the

same with slight variations in the parameters dudifferences in cation size (Table 5.2).

Solid State structure of [UQ(L 135(DMF)]-(py)0.s(EtOH) o5 (7). The solid state
structure of7 consists of 7-coordinate pentagonal bipyramid uraatjons bridged by
L3¢ ligands into one dimensional ribbons. The cooriitimeenvironment is typical for
that of the uranyl cation (Figure 5.11) with theotaxial sites occupied by oxide groups
oriented at a 179° angle. Four of the five equataites are occupied by carboxylates
from three different ligands while the fifth is argethylformamide solvent molecule. For
each ligand that bridges three uranyl cations,afrike carboxylates formsi& bond
with one uranyl while the other formauac’k! between two uranyl cations. Uranyl
cations are dibridged Hys" ligands to form a 1D ribbon (Figure 5.12). The

naphthalimide rings end up on either side of thban and interact with adjacent ribbons
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to create a supramolecular 2D sheet (Figure STt®)re are no interactions between the
sheets of ribbons to generate a 3D SMOF struckigei(e 5.14).

There are uncoordinated solvent molecules, pyridimeethanol, that occupy the
space between pi stacking interactions so thade¢ljeence is .-ring-ring-solvent-ring-
ring-solvent-.... The pyridine molecule is engagegiistacking interactions on the

outside of the naphthalimide ring sandwiches. The stacking interactions for

compound? are listed in Table 5.2.
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Figure 5.13.Then & stacking between ribbons @igenerating supramolecular 2D
sheets along thac plane

Figure 5.14.Four ribbons o¥ viewed down the-axis with supramolecular sheets
extending left and right and no interactions betwelebons above and below.

Solid State structure of [Th(L135)(NO3)2(DMF)2]-(DMF), (8).The solid state
structure oB, [Th(L 135)(NO3)2(DMF),]-(DMF),, consists of 10-coordinate thorium
cations bridged biz 132 ligands in one dimensional ribbons. Of the tenrdizmtion
sites, four are occupied by oxygens from the caylaes ofL 132 originating from three
distinct ligands, two are occupied by DMF solveri@cules (one of which is disordered

over two positions) and the remaining four are poad by two nitrate ligands chelating
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through two oxygen atoms (Figure 5.15). The ligarmisrdinate to the thorium in a
manner similar to that observed with the uranyl poond7, where one of the
carboxylates forms & bond with one thorium while the other formg-a’c" between

two thorium cations. Figure 5.16 shows two sidesiog 1D ribbons where the ligands
act to di-bridge thorium cations. There arer stacking interactions (parameters listed in
Table 5.2) between adjacent ribbons generatingasugiecular 2D sheets along the
plane. There are solvent-filled channels betweemtphthalimide stacks that are
occupied by disordered DMF molecules. As seenguiféi 5.17, there are no interactions

between sheets making this a 2D SMOF structure.
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Figure 5.15.Building unit of a ribbon of [TH(135)(NO3)2(DMF),]-(DMF),, (8).
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Figure 5.16.Then ' stacking o8 between ribbons generating supramolecular 2D
sheets along thiec plane.

Figure 5.17.Four ribbons oB viewed down thé-axis with supramolecular sheets
extending left and right and no interactions betwelebons above and below.

135

—

www.manharaa.com




Table 5.2Pi stacking parameters

Cen- . avg
Type of Cen dipole plane

; x
Compound stacking 00 (P < () 85’5 A)e

D-A 358 705 75 354 051

A-B 35, 69¢ 74 35( 05z

B-C 367 144¢ 10.1 3.4¢ 127

CD 35¢ 701 14 33¢ 1.2z

2 Ba( 135)(H20), s(DMF)o 5 371 180 0C 33¢ 15¢
499 1791 52 347 357

1 [Cay(L135)4(H20)g]*(H20)95(DMF), 6

3 Lay(L 13)s(DMF
2129 DMF)s 379 1673 34 324 197
500 1790 58 348 357
4 Cex(L 1393(DMF)s )
381 1677 4z 32/ 2.0C
48 179¢ 5€  3.4f 3.3¢
5 Euy(L 1393(DMF)g
3.8 168( 31 326 1.9¢
481 1798 62 348 332
6 Tho(L 135)3(DMF)7
381 1681 39 327 196
7 [UO(L 13:)(DMF)]-(py)o.<(EtOH) c 36/ 133/ 6.5  3.6% 0.31
8  [Th(L135)(NOs)(DMF);]-(DMF), 47C 180 0. 35t 3.0¢

a) the distance between the central carbon atoraaabf ring b) the angle between the
dipole vectors of each ring, which run through ¢eatral carbon atoms toward the
nitrogen atoms c) the angle between the planeadaf gng d) the average distance
between the planes of each ring e) the slippagenpeter describes the overlap of the two
rings defined by the third side of the right tritsmfprmed between the average
perpendicular distance between the two rings aadinlke between the two central carbon

atoms of each ring.

Thermal Analysis. Thermal gravimetric analysis was performed on a TA
Instruments SDT 2960 under a steady stream ofidr€ampoundl showed a weight

loss at 138 °C that corresponds with a loss ofrttegstitial solvents: 3.26 #0 and 1.79
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DMF (15%, calcd. 17%). There is a second weight Eis295 °C that corresponds with a
loss of the coordination solvents: 3®Hand 1 DMF (10%, calcd. 11%). The powder
remains stable until decomposition to calcium cadte at 477 °C. Compourkshows a
weight loss at ca. 156 °C that corresponds wittsa bf the coordinated,B (5%, calcd.
5%) and a weight loss at ca. 318 °C that correspanth a loss of the coordinated DMF
(6 %, calcd. 6%). The compound decomposes intatraoxide above 420 °C.
Compounds - 6 have identical TGA plots with two features of ladsoordinated DMF
(17%, calcd. 18%) at ca. 161 and 275 °C, with dguusition at 387 °C. Compournd
shows a gradual weight loss between 80 and 41haCcorresponds with a loss of the

interstitial solvents (16%, calcd. 18%). The commbdecomposes into uranium oxide

o
after 412 °C.
100 100 4
1 90 2 90
80 ~ 80
- 704 - 70
< 60 < B0
5 501 £ S0
‘T 40 ‘T 40
= 304 = 3
20 A 20
10 4 10
S—_—— 0 T T v r v v
0 100 200 300 400 300 600 700 &00 0 100 200 300 400 500 600
Temperature {C) Temperature (C)
3.6 -
100 5 100 1
90 4 a0 4
80 + &0 -
- 704 - 04
o 60 £ 604
3 § o
= 30 4 = 30 4
20 1 20
10 10 4
1} 100 200 300 400 200 600 700 a00 0 100 200 300 400 500 600
Temperature {C) Temperature (C)

Figure 5.18.Thermal gravimetric analysis for compourids 7.

Fluorescence.Compoundd, 2, 3, 6 and8 exhibit solid-state luminescence
dominated by the naphthalimide chromophore inidend (Figure 5.19). Based on the
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excitation spectra, an excitation wavelength of A60was used for all compounds
except6 (Th), where 507 nm excitation was needed. A lgigen emission is observed
where the maximum is slightly red-shifted with respto the ligand in the case of the
group 2 complexe$ and2 and slightly blue-shifted with respect to the hdan the case
of the lanthanum compleXand the thorium comple& The terbium compoun, had a
similar broad emission as the other naphthalimatapiexes, but red-shifted to the
green-yellow region by ~75 nm.

Sensitization does occur for the europium com@eas seen in Figure 5.20. In a
comparison to compourt] which is purely naphthalimide based fluorescettue plue-
green region decreases in intensity while the egtbn has intense well defined peaks
correlating to E& emission.

Complexes containing cerium(lll) or uranyl(VI), cpopunds4 and7, have no

solid state emission.

_ — H.Ly.

. 7 — [Cay(Lyas)s(H;0)g]-(H0)e s(DMF) 6 1
- o Y Ba(Ly35)(H;0); s(DMF)y 5 2

i f I ™ — Lay(Lyash(DMF); 3

.\.

\.ﬁ.\ \\h — [Th{L;3s(NO;):(DMF), ] (DMF), 8
\\a» MHT Tb,(Ly15):(DMF) 6

AR\

400 450 00 350 800

Wavelength (nm)

Figure 5.19.Fluorescence spectra of compoufie; 6, 8 and the protonated ligand
HoL 13s.
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400 430 500 330 600 630 700 750 800
Wavelength (nm)

Figure 5.20.Fluorescence spectra of u;35)3(DMF)4 (5) in blue and LgL 135)3(DMF),4
(3) in red.

Discussion

The new ligand. 135 (Scheme 5.1) was synthesized and combined with a
selection of metals from group 2 @and B&"), lanthanides (LY, Ce*, E** and TH")
and actinides (TH and UQ?") in order to study the impact of cation size ahdrge on
the coordination environment and overall topolofthe metal complexes. The key
difference betweeh 3 and similar MOF ligands used by oth&r&’is the addition of
the 1,8-naphthalimide supramolecular building blokis supramolecular tecton has
shown a propensity to engageninstacking interactions that have a significant iefloe
on the solid state architecture, generating SM@Iesires. In our previous work with

group 1, 2 and lanthanide metals using less regidntiopure ligand$iomochiral helices
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were observed either in helical rod SBUs or inghpramolecular organization of
individual SBU helicate$™#*°

TheL 135 complexes of group 2 metals adopted two differé©F structural
types. Compound, [Ca(L 135)4(H20)g]- (H20)9 s(DMF), 6, has one-dimensional (1D) rods
of edge-shared calcium cations that interact wattaltel rods only through z stacking
to generate a 3D SMOF structure. BbtlandP helical rod-shaped SBUs are present in
the racemic crystals. A similar compoUy@a( 45)2(H20)]-(H.0), synthesized from
enantiopure ligands, has a 1D homochiral helicdisivaped SBUJ.The SBUs from both
calcium compounds have several points of connggtivith adjacent parallel SBUs via
supramolecular nodes to form the 3D structure, vleaves channels occupied by
disordered solvent.

Compound?, Ba( 135)(H20)1.5(DMF)o 5, also has a rod-shaped SBU, but they are
covalently bridged by the ligands to form 2D sheké& interact with adjacent sheets
throughz = stacking to generate a 3D SMOF structure. Thetdlkeestructure is
similar to others formed with group 1 metals whembined with the. s, ligand, most
notably K(se) and Csl( se)).*""*®BothLser andL 13 structures are formed by bridging
edge-shared rod-shaped SBUs into sheets with naphitie rings on either side that
interdigitate with adjacent sheets. A major diffeze is found in the supramolecular
organization: thé ¢.; sheets are held together by continuous stacking whereas the
L 135> sheets have a space between each synthon octypisbrdered solvent (-ring-
ring-solvent-ring-ring-solvent-...). While the calamuand barium complexes are similar
in their formation of edge-shared rod-shaped SBhusdifferences in 3D structure are

most likely due to the larger ionic radius (1.14¢dmnpared to 1.49 A) and coordination
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number of barium. Barium also bares similaritiesadier sheet structures where the
carbonyls of the naphthalimide ring are coordinatethe metat*®

TheL 135~ ligand forms a series of isostructural compouratged on binuclear
SBUs,with La**, Ce”*, Eu** and TH", despite the differences in cation size, rangingf
1.03 A in the case of lanthanum(lll) to 0.92 A e tcase of terbium(lll). We have
previously reported that a series of complexes éorimetweelh s, and a large range of
lanthanides (LH through Dy") had the same trinuclear, carboxylate-bonded &lelic
structures? In both complexes containing these ligands, wibate the ability to
prepare similar structures with metals of varyiimg $0 the accommodating and flexible
nature of ther-stacking interactions. These lanthanide compléxes discrete SBUs as
opposed to the 1D, rod-shaped SBUs that form fdosk metals. Interestingly, the
structures of3-6 contain our first case of C-t stacking between naphthalimide rings
in SMOFs. These C-Hr stacking interactions occur within a sheet anaalodisrupt the
71 stacking interactions between the sheets.

Both actinide (UG and TH*) complexes form similar solid state structureswit
theL 132 ligand. These hard metals do not form edge- aremmshared polyhedra and are
exclusively bridged by carboxylates from the ligamid 1D ribbons, witht ' stacking
generating only a 2D SMOF. Both metals have coatthn environments with ligands
other tharl 135 that occupy part of the coordination spherg,i®the case of & and
NOs in the case of TH. A recently reported uranyl complex with a 1,3-
adamantanedicarboxylate ligand formed 1D ribbomslai to compound.?* The
naphthalimide group affixed to thas allows the 1D ribbons to extend to a 2D

material through supramolecular interactions.
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The complexeg, 2, 3 and8 have luminescence spectra based on the 1,8-
naphthalimide moiety, with an intense broad emisgicthe blue-green region. While the
group 2 complexes show the more typical slightt+shifted spectra, the complexes with
lanthanum(lIl) and thorium(lIl) have slightly blushifted spectra similar to previous
complexes with s¢;.>** The terbium(lIl) complex has the most red-shifted (~75 nm)
peak out of any synthesized complex containinghéqghthalimide group. Only for the
europium comple% does the naphthalimide ligand act as a sensitwenétal-based
luminescence. The charge transfer betwegg and Ed" is efficient enough that the
ligand emission is decreased a significant amodnilevihe europium emission is sharp
and well-defined.

The remaining two complexe$and7 (Ce** and UQ?* based), are non-emissive.
We have previously reported the ability of the gsrication to quench naphthalimide
fluorescencé® There have been a few reported cases of coordinptlymers
containing the uranyl cation and transition metiaég have completely quenched
fluorescencé*?**'The fluorescence quenching mechanism for our cgtll) and
uranium(VI) complexes is most likely due to a cleatgnsfer relaxation similar to those
observed with transition metai§>®
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