
Lawrence Berkeley National Laboratory
LBL Publications

Title
Coordination Polymers of 5‑Alkoxy Isophthalic Acids

Permalink
https://escholarship.org/uc/item/8qd994nw

Journal
Crystal Growth & Design, 16(10)

ISSN
1528-7483

Authors
McCormick, Laura J
Morris, Samuel A
Slawin, Alexandra MZ
et al.

Publication Date
2016-10-05

DOI
10.1021/acs.cgd.6b00853
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8qd994nw
https://escholarship.org/uc/item/8qd994nw#author
https://escholarship.org
http://www.cdlib.org/


Coordination polymers of 5-alkoxy isophthalic acids
Laura J. McCormick,a†* Samuel A. Morris,a Alexandra M. Z. Slawin,a Simon J. Teatb 
and Russell E. Morrisa

a School of Chemistry, University of St Andrews, North Haugh, St Andrews, Fife,

Scotland, KY16 9ST, UK.
b Advanced  Light  Source,  Lawrence  Berkeley  Laboratory,  1  Cyclotron  Road,

Berkeley, California 94720, USA

Abstract

The topology of coordination polymers containing 5-alkoxy isophthalic acids and first

row transition metals was found to be dependent on the combination of solvent system

used and length of the alkyl chain. Four different framework types were identified:

Phase A M6(ROip)5(OH)2(H2O)4xH2O (M = Co and R = Et, Pr or nBu, or M = Zn and

R = Et); Phase B M2(ROip)2(H2O) (M = Co or Zn and R = Et, Pr, nBu or iBu, or M =

Mn and R = nBu or iBu); Phase C Zn3(EtOip)2(OH)2; and Phase D Zn2(EtOip)2(H2O)3.

Preliminary screening of the NO storage and release capabilities of the Co-containing

materials is also reported.

Introduction

The metal-organic frameworks that have received the most attention for applications-

based research are all derived from the aryl carboxylic acids ligands trimesic acid

(HKUST-1,1 MIL-100-Cr2 or  –Fe3),  or  terephthalic  acid (UiO-66,4 MIL-53,5 MIL-

101,6 MOF-57) and its hydroxyl-8-14 and amino-functionalised15-18 derivatives. These

ligands are  rigid and bind predictably to the metal-based secondary building units

required  to  generate  extended  coordination  frameworks.  Despite  the  structural

similarities  between  these  ligands  and  isophthalic  acid,  the  related  family  of  5-

substituted  isophthalic  acids  have  received  only  modest  attention  as  potential

coordination polymer/MOF precursors, particularly given the commercial availability

of the 5-methyl19-34 and 5-tertbutyl29,31,35-57 derivatives.

Despite  the comparatively large number of coordination frameworks with reported

crystal  structures  in  which  5-methoxy  isophthalic  acid  acts  as  the  sole  bridging

ligand,56,58-68 only  two  coordination  frameworks have  been reported  to  date  which

contain longer alkyl chain substituents on the phenolic oxygen atom.69 The related 5-



benzyloxy  isophthalic  acid  has  received  more  attention,  with  isostructural  3D

frameworks  of  composition  M2(BzOip)2(H2O)  (M  =  Co70 or  Zn71)  prepared  from

aqueous solution, and a Kagome lattice of composition Cu(BzOip)(pyr).72 We have

recently  undertaken  investigations  into  synthesising  novel  coordination  polymers

derived from the 5-methyl, methoxy and tertbutyl isophthalic acids,61,73 and screening

these materials for their ability to store and release nitric oxide (NO). Interest in the

use  of  porous  materials  such  as  coordination  frameworks61,73-82 and  zeolites83-88 as

nitric oxide delivery materials has been growing over the past decade. Nitric oxide has

in vivo roles in wound healing and preventing the formation of thromboses, and also

displays  antibacterial  properties.89,90 Introduction  of  exogenous  nitric  oxide  for

medicinal purposes by use of gaseous nitric oxide or glyceryl trinitrate solutions does

not allow for the targeted release of NO, whereas water-catalysed release of NO from

porous materials allows the NO to be released where it is needed.91

We have conducted a systematic investigation into the coordination chemistry of the

5-ethoxy (I,  H2EtOip),  n-propoxy (II,  H2PrOip),  n-butoxy (III,  H2
nBuOip),  and  i-

butoxy (IV,  H2
iBuOip)  isophthalic  acids  under  solvothermal  conditions  at  110C.

Herein  we report  the  synthesis  and characterisation  of  several  novel  coordination

frameworks containing the ligands I to IV, and preliminary NO release studies on the

resulting Co-containing materials.

I, H2EtOip II, H2PrOip

III, H2
nBuOip IV, H2

iBuOip

Results and Discussion

Ligands were prepared using variations on the literature procedure.69 The alkylation of

dimethyl 5-hydroxy isophthalate was found to require longer reactions times as the

length of the alkyl chain increased (R = Et required approx. 18 hours, whereas R = iBu



required in excess of three days). NMR analysis of the products obtained for R = Pr,
nBu or iBu showed that these solids were often a mixture of the desired dimethyl 5-

alkoxy  isophthalate  and  the  starting  material  (up  to  20%  dimethyl  5-hydroxy

isophthalate).  Further  purification  proved  unnecessary,  as  the  5-hydroxy  starting

material was dissolved during the subsequent saponification to the corresponding 5-

alkoxy isophthalic acid, and both 1H and 13C NMR spectra showed that the 5-alkoxy

isophthalic acids were obtained as pure products, albeit in lower yields than would be

obtained from clean starting materials.

Typical coordination polymer syntheses involved solvothermal reaction of equimolar

amounts of M(OAc)2 (M = Mn, Co or Zn) and 5-alkoxyisophthalic acid in a solution

of either  water  or aqueous alcohol  in  a 2:1 alcohol  to  water  ratio  (67% alcohol),

heated to  110C for three days.  Crystallographic analysis of the resulting crystals

showed that  the  crystals  formed as one of  four different  frameworks:  Phase  A of

composition Co6(EtOip)5(OH)2(H2O)4.5xH2O or M6L5(OH)2(H2O)4xH2O; Phase B of

composition  Co2(EtOip)2(H2O)1.48 or  M2L2(H2O);  Phase  C  of  composition

Zn3(EtOip)2(OH)2;  or  Phase  D  of  composition  Zn2(EtOip)2(H2O)3.  Tables  1  and 2

show the distribution of the four phases for Co and Zn across the five different ligands

and  six  different  solvent  systems.  The  phase  impure  A/B  mixture  produced  by

reaction of Co(OAc)2 and H2
nBuOip in aqueous methanol, and the inhomogeneous

solids produced by reaction of Co(OAc)2 and H2EtOip or H2
nPrOip in aqueous  n-

propanol,  isopropanol and  tertbutanol (and Co(OAc)2 and H2
nBuOip in  n-propanol)

under the above conditions, are discussed in the ESI. 

Solvent/Ligan

d

H2EtOip H2PrOip H2
nBuOip H2

iBuOip

H2O - - - B
MeOH A A A/B B
EtOH A A B B
iPrOH A/B A/B B B
nPrOH A/B A/B B B
tBuOH A/B A/B B B

Table 1: The products prepared by reaction of various H2ROip ligands with Co(OAc)2

in  different  solvent  mixtures.  The  dash  symbol  '-'  denotes  no  solid  product  was
produced that did not dissolve when washed in ethanol.

Solvent/Ligan

d

H2EtOip H2PrOip H2
nBuOip H2

iBuOip



H2O B/C/D B B B
MeOH A B B B
EtOH C B B B
iPrOH C B B B
nPrOH C B B B
tBuOH C/B B B B

Table 2: The products prepared by reaction of various H2ROip ligands with Zn(OAc)2

in different solvent mixtures.

Manganese  did  not  afford  crystalline  products  with  5-ethoxy-  or  5-propoxy

isophthalic acids, Table 3 summarises the crystalline products obtained by reaction of

5-n- and 5-i-butoxy isophthalic acids only. Powder X-ray diffraction showed that the

reaction between Mn(OAc)2 and 5-i-butoxy isophthalic  acid in methanol affords a

crystalline product that we designate as Phase E, however this compound does not

give crystals large enough for single crystal analysis. A PXRD pattern of Phase E is

presented  in  the  ESI.  PXRD of  the  solid  obtained  by  reaction  of  H2
nBuOip  and

Mn(OAc)2·4H2O consistently showed the presence of a small  amount of unknown

contaminant.

Solvent/Ligan

d

H2
nBuOip H2

iBuOip

H2O - B
MeOH B

(contaminated

)

E

EtOH B B
iPrOH B B
nPrOH B B
tBuOH B B

Table 3: The products prepared by reaction of the two isomeric H2BuOip ligands with
Mn(OAc)2 in different solvent mixtures.

Phase A

Phase  A  forms  as  a  three-dimensional  network  of  composition

Co6(EtOip)5(OH)2(H2O)4.5xH2O or M6(ROip)5(OH)2(H2O)4xH2O (M = Co and R =

Pr or nBu, or M = Zn and R = Et) in monoclinic space group P21/n with approximate

unit  cell  dimensions  a ≈ 10.94 Å,  b ≈ 28.6 Å,  c ≈ 22.8 Å,   ≈ 99.  Crystals of

Zn6(EtOip)5(OH)2(H2O)4xH2O were very thin and poorly diffracting, and did not give

a satisfactory solution, however, the unit cell dimensions and PXRD pattern confirm



that this material is isostructural with the Co derivatives. The frameworks contain two

distinct M6(OH)2(CO2)10 clusters, Type 1 and 2, inside which the connectivity of the M

centres and bridging CO2 units are essentially identical and the following description

applies equally well to both clusters (Figure 1a and b). Each cluster contains three

distinct MII centres,  one  3-OH anion and four  2-carboxylate  groups and one  3-

carboxylate  group.  The  two  central  MII centres  have  an  octahedral  coordination

environment  consisting  of  one  OH  anion  and  one  3-CO2 group  in  the  cis

arrangement, and four 2-CO2 groups. One oxygen atom from each of the two 3-CO2

groups bridges these two MII centres. The second, monodentate oxygen atom of these

CO2 groups  bind  to  a  tetrahedral  Co  centre,  whose  coordination  environment  is

completed by two more CO2 groups and an OH anion. For Co6(EtOip)5(OH)2(H2O)4.5,

a water molecule with 50% occupancy is also bound to this Co centre (Co-O 2.30(3)

Å),  giving  it  a  tetrahedral/trigonal  bipyramidal  coordination  geometry.  The  final

distinct MII centre also has an octahedral coordination environment consisting of three

mer CO2 groups, two cis terminal water molecules and the OH anion. The difference

between  the  two  clusters  appears  to  be  due  only  to  the  binding  mode  of  one

carboxylate  group (Figures  1a and 1b).  In  the  Type 1 clusters,  the  Co-O-C-O-Co

atoms are  very close to  coplanar,  with the  angle  between the two Co-O-C planes

increasing with the length of the alkyl chain. The carboxylate group in the Type 2

cluster, however, is significantly twisted out of the plane (~ 80). A comparison of the

angles between the two C-O-Co planes of these carboxylate groups in Types 1 and 2

clusters are presented in Table 4.

* b)a) *



Figure  1: a) Type  1  and  b) Type  2  clusters  found  in  Phase  A  crystals
M6(ROip)5(OH)2(H2O)nxH2O. The μ3-OH anions have been coloured blue and green,
respectively. Pendant water molecules are shown as hatched red spheres, whilst the
partial  occupancy  pendant  water  molecules  that  only  occur  in
Co6(EtOip)5(OH)2(H2O)4.5 are shown as a striped red spheres. The carboxylate groups
whose binding modes are the main difference between the two clusters are marked
with  an  asterisk  (*).  c)  The  connectivity  of  the  M6(OH)2(CO2)10 clusters.  Type  1
clusters are shown using blue polyhedra and Type 2 clusters are shown using green
polyhedra, the central cluster has been highlighted using a paler shade of green. The
isophthalate cores of the ligands are shown as black triangles. d) The full network of
Co6(PrOip)5(OH)2(H2O)4.  The μ3-OH anions have been coloured blue and green in
Type 1 and 2 clusters, respectively.

Cluster 1 Cluster 2
Et 8.5(3) 83(1)
Pr 16.4(4) 79.5(6)

nBu 27.55(0.10) 79.4(2)
Table 4: Comparison of the angles between the Co-C-O planes of the carboxylate
groups marked with an asterisk (*) in Figure 1 in the Co6(EtOip)5(OH)2(H2O)4.5 and
Co6(ROip)5(OH)2(H2O)4 (R = Pr or nBu).

Ten alkoxy isophthalate ligands connect each cluster to six others (Figure 1c) to form

a coordination framework that has the -polonium, or primitive cubic, topology. Each

cluster binds to: two clusters of the same type and two of the opposite type, each via a

pair of isophthalate ligands, that are adjacent to the central cluster along the a- and b-

directions,  respectively;  and  two  clusters  of  the  opposite  type,  each  via  a  single

isophthalate ligand, that neighbour the central cluster along the  c direction. The full

framework is shown in Figure 1d.

c)d)



Phase B

Phase B has composition M2(ROip)2(H2O) or Co2(EtOip)2(H2O)1.48 crystallises in the

trigonal  space  group  R3 with  unit  cell  dimensions  a  ≈ 28 Å,  c ≈  18  Å.  These

compounds are isostructural with the previously reported M2(BzOip)2(H2O) (M = Co70

or Zn71). There are two crystallographically distinct MII centres in the framework - one

that has square pyramidal and one that has tetrahedral coordination geometry - and

two distinct isophthalate ligands. As in the Co/EtO derivative of Phase A, the Co/EtO

derivative of Phase B has a slightly different coordination environment surrounding

the Co centres compared to the other derivatives – the ‘tetrahedral’ Co centre is bound

to  an  additional  partial  occupancy  water  molecule  giving  it  tetrahedral/trigonal

bipyramidal  coordination  geometry.  Pairs  of  metal  centres,  one  of  each  type,  are

connected by a trio of carboxylate groups into a dimer that is reminiscent of a copper

acetate lantern. These have a facial arrangement about the square pyramidal M II centre

and one of the carboxylate oxygen atoms forms a long interaction with the square

pyramidal MII centre on an adjacent dimer (see Figure 2a). In Co2(EtOip)2(H2O)1.48,

this interaction is short enough to be considered a coordination bond, such that the

two  Co  centres  have  octahedral  and  tetrahedral/trigonal  bipyramidal  coordination

geometries (Figure 2b). One of the remaining two coordination sites on the square

planar  MII centre  is  occupied  by  a  terminal  water  molecule.  An  additional  2-

carboxylate  group  that  binds  to  the  remaining  coordination  site  of  a

tetrahedral/trigonal pyramidal MII centre on an adjacent M2(CO2)3 unit connects the

M2(CO2)3 units into a chain that extends parallel to the c-axis. The isophthalate ligands

radiate outwards from these chains, linking each chain to three others to give a three-

dimensional  honeycomb framework (Figure  2c).  The walls  of  this  framework are

comprised of isophthalate ligands that are arranged into Piedfort pairs (Figure 2d).

The alkoxy chains project inward from the walls towards the centre of the hexagonal

channels, effectively blocking them (see Figure 2e). Most commonly, the alkyl groups

are disordered over two or more orientations.



Figure 2: a) The metal-carboxylate columns found in Phase B M2(ROip)2(H2O). Long
interactions between the metal centres and carboxylate oxygen atoms are shown as
thin  black  lines.  b) The  metal-carboxylate  columns  found  in  Phase  B
Co2(EtOip)2(H2O)1.48.  Partial  occupancy  water  molecules  are  shown as  striped  red
spheres.  c) The honeycomb framework found in Phase B. The carbon atoms of the
alkyl chains have been omitted for clarity. d) One section of the Phase B framework
wall. The carbon atoms of the alkyl chains have been omitted for clarity. e) The full
framework of Zn2(nBuOip)2(H2O). Hydrogen atoms have been omitted for clarity.

Phase C

Phase C has composition Zn3(EtOip)2(OH)2 and forms in triclinic space group  P1

with cell  dimensions  a = 9.182(12) Å,  b = 10.973(12) Å,  c = 11.761(15) Å,   =

77.69(3),  = 85.11(3),  = 74.83(4). The framework is similar to that in Phase A,

a)

b)

c)

e)d)



in that the Zn centres are arranged into Zn6(OH)2 clusters (Figure 3a). There are three

unique Zn centres within the clusters - Zn1, Zn2 and Zn3 - two hydroxide anions

(Type A and B) and two EtOip2- ligands. Zn1 has a square pyramidal coordination

environment consisting of four carboxylate oxygen atoms and one hydroxide anion,

whilst  both Zn2 and Zn3 have tetrahedral coordination environments consisting of

two carboxylate oxygen atoms and two hydroxide anions. The  3 hydroxide anions

(Type A) bridge one of each type of Zn centre into a trio, whilst carboxylate anions

connect the trios into the full Zn6(OH)2(CO2)8 cluster. Each cluster is linked to six

others to form a 3D network with the -polonium, or simple cubic, topology (Figure

3c) - pairs of EtOip2- ligands bridge neighbouring clusters into a sheet that extends

parallel to the bc-plane (Figure 3b), and pairs of 2 (Type B) hydroxide anions bridge

between clusters on parallel sheets (Figure 3a). PXRD analysis of the solid obtained

from tBuOH shows that it is a mixture of Phases B and C (Figure 4).

Figure 3: a) The chains of Zn6(OH)2(CO2)8 clusters bridged by μ2-OH anions in Phase
C . The μ3-OH anions within the clusters are shown in green and the μ2-OH anions
that connect the clusters are shown in blue. b) The pairs of EtOip2- ligands connecting
adjacent Zn6(OH)2(CO2)8 clusters into sheets that extend parallel to the bc-plane. The
central  Zn6(OH)2(CO2)8 cluster  is  highlighted  using  purple  bonds.  c) The  full  α-
polonium framework of Phase C as viewed along the  a-axis. Hydrogen atoms have
been omitted for clarity.

c)a)

b)



Figure 4: Comparison of the PXRD patterns of the solid obtained from reaction of
Zn(OAc)2 and H2EtOip (red) from aqueous tBuOH with the experimental patterns for
Phase B (grey) and Phase C (black).

Phase D

Phase D has composition Zn2(EtOip)2(H2O)3 and crystallises in the monoclinic space

group C2/c with cell dimensions a = 15.101(7) Å, b = 15.123(7) Å, c = 9.652(4) Å, 

= 99.982(17).  The  compound forms as  a  two-dimensional  framework with (4,4)

topology  (Figure  5b)  in  which  the  EtOip2- ligands  act  as  the  linear  connections

between  four-connecting  Zn2 units.  The  Zn2 units  are  similar  to  copper  acetate

lanterns,  as may be seen in Figure 5a.  All  zinc centres are equivalent and have a

distorted  square  pyramidal  coordination  geometry  consisting  of  two  trans water

molecules,  one  monodentate  carboxylate  group,  and  two  cis bridging  carboxylate

anions. All ligands are also equivalent, with one carboxylate arm connecting (along

with a 2 water molecule) two Zn centres into a Zn2 lantern unit, and the second arm

binding  in  a  monodentate  fashion  to  a  second  Zn2 lantern.  Unlike  in  similar

frameworks  that  contain  isophthalate  ligands  and  copper  acetate  lantern

units,19,49,69,72,81,92-96 the arrangement of EtOip ligands about the Zn2 lanterns produces

only a single 'type' of hole passing through the sheet, one that has a hydrophilic side

(with coordinated water molecules and carboxylate groups projecting into it) and a

hydrophobic side (into which the ethoxy groups are directed). Sheets stack along the

c-direction in an ABAB fashion, where the A and B layers are slightly offset from one

another in the [-1 1 0] direction, such that the ethoxy isophthalate ligands in one sheet

cover  the  hydrophilic  ‘side’ of  the  holes  in  the  two  adjacent  sheets  (Figure  5c).

Adjacent  sheets  are  held together  by  hydrogen bonds between the  terminal  water



molecules on one sheet and the non-coordinated carboxylate  oxygen atoms of the

adjacent sheets (Figure 5d). Intra-lantern hydrogen bonds also occur between the μ2-

H2O molecules and the non-coordinated carboxylate oxygen atoms.

Figure 5: a) The Zn2 lantern unit found in Phase D. The oxygen atom of the bridging
water molecule is highlighted in green. b) One sheet of Phase D, as viewed along the
c-axis. c) The ABAB stacking of sheets along the c-axis. The ‘A’ layer sheet is shown
using gold bonds, the ‘B’ layer sheet using blue bonds.  d) The inter-sheet hydrogen
bonds between Zn2 lanterns. Zn2 lanterns in the ‘A’ and ‘B’ layers are shown using
gold and blue bonds, respectively.

The reaction of zinc acetate with 5-ethoxy isophthalic acid in water affords a mixture

of compounds B, C and D. Attempts to obtain a phase pure product by varying the

reaction time from 1 to 7 days gave essentially the same mixture of products.

The preference of the system to form one phase over another in a specific solvent

system we attribute to a balance of solvent and ligand polarity. The larger alkyl chains

(n-  and  i-butyl)  result  in  Phase  B  almost  exclusively,  in  crystals  of  which  the

hydrophobic alkyl chains and hydrophilic carboxylate groups and water molecules are

segregated in a manner that is reminiscent of micelle formation. This prevents the

hydrophobic  alkyl  groups  from  interacting  with  polar  solvent  systems,  and  the

hydrophilic  metal-carboxylate  columns  from  interacting  with  less  polar  solvent

systems. The smallest alkyl chains (ethyl and propyl) form Phase A in polar solvent

systems (methanol and, with CoII, ethanol), in which the channels of the material are

occupied by disordered solvent  molecules and the  metal  sites are  accessible  upon

dehydration (see NO release below). In solvent systems with lower polarity (propanol,

tertbutanol and, with ZnII, ethanol), the segregated Phases B and C are formed. It is

possible that use of even less polar alcohols, such as hexanol, may cause reaction of

CoII with H2EtOip and H2PrOip to yield pure Phase B or C, however these longer

b)a) c) d)



chain alcohols are not completely miscible with water and so pose solubility issues

with the metal salts.

Nitric oxide release from Phases A and B

Preliminary  nitric  oxide  loading  and  release  experiments  were  conducted  on  the

compounds  Co6(EtOip)5(OH)2(H2O)4.5,  Co6(PrOip)5(OH)2(H2O)4 and

Co6(nBuOip)5(OH)2(H2O)4 belonging  to  Phase  A,  and  on  Co2(nBuOip)2(H2O)  and

Co2(iBuOip)2(H2O)  belonging  to  Phase  B.  Thermogravimetric  analyses  of  the

compounds were conducted in air and showed that decomposition for each of these

samples  occurred  at  temperatures  exceeding  300ºC  (see  Supporting  Information).

Samples  of  a  known mass  ('pre-loaded weight')  were  dehydrated  at  200°C under

dynamic vacuum overnight, after which time they were exposed to 1 atm of NO for 1

hour. Excess NO was removed by vacuum, and the samples were individually flame-

sealed under an argon atmosphere. Nitric oxide release was triggered by transferring

NO-loaded samples into the analyser and exposing them to humid N2 (~11% RH), and

has been normalised to mol of NO released per gram of NO-loaded sample (‘loaded’

weight). Further details are presented in the experimental section. The results of the

NO release  experiments  are  summarised in  Tables  5 – 9,  and sample  NO release

profiles of Co6(PrOip)5(OH)2(H2O)4 and Co2(iBuOip)2(H2O) are shown in Figure 6.

Full NO release graphs on all runs are presented in the ESI. Co-containing samples

were selected for NO release  studies as Co- and Ni-CPO-27 have been shown to

adsorb and deliver between 6 and 7 mmol of NO per gram of solid CPO-27 (which

approximately corresponds to 1 molecule of NO per metal centre).75



Figure 6:  Graphs of NO release profile and total NO release from the sample NO
release  experiments  on  compounds  Co6(PrOip)5(OH)2(H2O)4 (top,  Run  2)  and
Co2(iBuOip)2(H2O) (bottom, Run 3).

The amount of NO released from Phase A is dependent on the alkyl substituent on the

ligand, with the ethyl, propyl and n-butyl derivatives releasing an average of 1.4, 5.4

and  12.4  mol  of  NO  per  gram  of  NO-loaded  material,  respectively,  with  a

corresponding  increase  in  the  total  release  time.  This  was  unexpected,  as  it  was

assumed that the more sterically demanding alkyl chains would block the channels

and  prevent  the  ingress  and  egress  of  the  NO  molecules  through  the  materials,

resulting in a smaller amount of NO released. Comparison of the PXRD patterns of

the three materials before and after dehydration and NO release shows that there is no

significant change in the pattern, confirming that the overall structure of the materials

is  either  maintained throughout  the  NO loading and subsequent  release,  or  that  a

reversible  phase  transition  occurs.  Given  the  dependence  on  the  chain  length

displayed by the NO release of these isostructural materials, a reversible structural

rearrangement  was  suspected  and  variable  temperature  powder  X-ray  diffraction

studies  were  undertaken.  The  ethyl  derivative  was  found  to  display  a  structural

rearrangement  upon  dehydration  (Figure  7),  as  were  the  propyl  and  n-butyl

derivatives  (see  Supporting  Information),  that  is  maintained  upon  re-cooling  the

powder  to  room  temperature.  The  transition  is  more  pronounced  in  the  ethyl

derivative, most notably in the disappearance of the peaks at 2θ ≈ 3º and 4.5º (Mo Kα

radiation), which would suggest that the increased steric bulk of the n-propyl and n-

butyl derivatives are at least partially preventing this transition from occurring. These

transitions were found to be reversible upon re-exposure to atmospheric water. 
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Figure  7: Variable  temperature  X-ray  powder  diffraction  studies  on
Co6(EtOip)5(OH)2(H2O)4.5. a) Individual  PXRD  traces  on  the  powder  at  different
temperatures using Mo Kα radiation shown 2.5° ≤ 2θ ≤ 5.0°. The full pattern is given
in the ESI.  b) PXRD traces on the powder before (blue) and after (red) the variable
temperature PXRD studies using Cu Kα radiation.

Pre-loaded
weight (mg)

Loaded weight
(mg)

Total NO release
(mol/g)

Release time
(min)

1 12.6 11.0 1.15 9
2 12.8 11.4 1.33 9
3 12.9 11.4 1.45 11
4 12.7 10.7 1.42 11.5
5 12.8 10.9 1.44 10

Table 5: NO release from Co6(EtOip)5(OH)2(H2O)4.5.

Pre-loaded
weight (mg)

Loaded weight
(mg)

Total NO released
(mol/g)

Release time
(min)

1 16.6 14.0 4.83 31
2 15.7 13.6 4.55 28
3 16.2 14.6 4.75 29
4 15.3 13.7 4.17 25
5 16.3 14.2 8.65 105

Table 6: NO release from Co6(PrOip)5(OH)2(H2O)4.

Pre-loaded
weight (mg)

Loaded weight
(mg)

Total NO release
(mol/g)

Release time
(min)

1 19.8 16.9 13.01 111
2 21.0 18.6 8.75 37
3 21.2 18.7 10.73 118
4 20.8 18.4 13.03 147



5 19.9 17.8 16.41 145
Table 7: NO release from Co6(nBuOip)5(OH)2(H2O)4.

The amount of NO released from both butyl derivatives of Phase B is between 0.70

and 1  μmol  of  NO per  gram of  NO-loaded material.  The  NO release  from these

compounds is comparable to that observed for HKUST-1 (2 μmol/g), and even with

these small amounts, NO has been shown to be biologically active in processes such

as preventing platelet aggregation.74 As with the Phase A derivatives, PXRD analysis

of the Phase B materials before and after the NO-loading and release studies shows

that the structure is maintained.

Pre-loaded weight Loaded weight Total NO release
(mol/g)

Release time
(min)

1 12.8 12.0 0.68 30
2 12.6 12.2 0.61 24
3 12.7 12.1 0.78 31

Table 8: NO release from Co2(nBuOip)2(H2O)

Pre-loaded weight Loaded weight Total NO release
(mol/g)

Release time
(min)

1 11.8 11.2 0.54 16
2 12.2 11.5 0.58 17
3 13.4 12.9 1.14 32
4 12.7 11.9 1.12 29
5 12.9 12.3 1.20 29

Table 9: NO release from Co2(iBuOip)2(H2O)

Conclusions

The topology of the coordination frameworks generated by reaction of a given metal

acetate and 5-alkoxy isophthalic acids in aqueous alcohol was found to depend upon

the  combination  of  the  alkyl  chain  length  on  both  the  alcohol  and  the  alkoxy

isophthalic acid. Four distinct framework topologies could be isolated (one of which

could not be identified), and a further one identified as one component of a mixture of

products.  Initial  NO  release  experiments  suggest  that  the  Phase  A  frameworks

undergo a structural transition upon dehydration, which warrants further investigation.

Experimental



All  reagents  were  obtained  from  commercial  sources  and  used  without  further

purification.  The  ligands  were  prepared  using  variations  on  the  published

procedures.69 Full  synthetic  details  of  ligands  and  coordination  frameworks  are

presented in ESI.  Elemental analyses were conducted by the London Metropolitan

University.

Crystallographic experimental details

Crystals were coated in a protective oil and mounted on a MiTeGen fibre tip (for

crystals studied at the Advanced Light Source) or a Molecular dimensions mounted

0.1 mm litholoop (for crystals studied on the laboratory diffractometer). Data were

collected on a Rigaku Mercury2 SCXMini diffractometer (λ = 0.71075 Å), or on a

Bruker  APEXII diffractometer (λ = 0.77490 Å) at  station 11.3.1 of the  Advanced

Light Source. Appropriate scattering factors were applied using XDISP97 within the

WinGX suite.98 Absorption corrections were applied using multi-scan methods.99,100

Structure solutions were obtained using either SHELXS-97 or SHELXT101 and refined

by full matrix on  F2 using SHELXL-97102 or SHELXL-2014.103 All full occupancy

non-hydrogen atoms were refined with anisotropic thermal displacement parameters.

Aromatic and aliphatic hydrogen atoms were included at their geometrically estimated

positions,  as  were  hydrogen  atoms  bound  to  μ3-OH- anions.  Hydrogen  atoms

belonging to free or coordinated water molecules were assigned, fixed at a distance of

0.9 Å from the oxygen atom and 1.47 Å from the second hydrogen atom of the water

molecule, and their thermal parameters linked to those of the oxygen atom to which

they are bound.

Ambient powder X-ray diffraction patterns were collected using Cu Kα1 radiation on

PANalytical Empyrean diffractometers (Phases A, B, C, D and E) or a STOE STADIP

diffractometer operating in Debye-Scherrer mode (solid from reaction of Co(OAc)2

and either H2EtOip or H2PrOip in aqueous tBuOH). VT-PXRD studies were conducted

using a PANalytical Empyrean diffractometer using MoKα1,2 radiation. VT-PXRD

patterns  were  collected  in  air  at  25°C,  under  vacuum at  25°C,  and then  at  25°C

intervals up to 200°C, using a ramp rate of 100°C/hour with an equilibration time of

15 min prior to each measurement.

Nitric oxide sorption and release details

Individual ampules containing the powders were placed in a Schlenk flask and heated

to 200°C under dynamic vacuum for approximately 18 hours.  The flask was then



cooled  to  room  temperature  and  exposed  to  an  NO  atmosphere  (~  1  atm  static

pressure)  for  1  hour.  Excess  NO was  then  removed by  evacuating  the  flask  and

flushing with Ar three times. The ampules were then individually flame-sealed under

an argon atmosphere. NO-loaded sample masses were determined by the difference in

mass of the freshly opened ampule containing the NO-loaded sample and the empty

ampule  after  the  sample  has  been  transferred  into  the  NO  analyser. NO  release

measurements  were  performed  using  either  a  Sievers  NOA  280  or  280i

chemiluminescence Nitric Oxide Analyser. The instrument was calibrated using air

passed through a zero filter (< 1 ppb NO) and 87.6 ppm NO gas in N2 (Air Products).

The  flow  rate  through  the  instrument  was  set  to  either  200  or  180  mL/min,

respectively, with a cell pressure of approximately 5.2 Torr and an O2 pressure of 6.0

psig.  Nitrogen gas of 11% R.H. was achieved by passing dry N2 over a saturated

aqueous  solution  of  LiCl,  which  was  then  flowed  over  the  powders  at  room

temperature. The resulting NO/N2 mixture was then passed into the NO analyser and

the NO concentration recorded at 1 second intervals. Data collection was stopped after

the concentration of NO in the carrier gas dropped below 20 ppb.
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Coordination polymers of 5-alkoxy isophthalic acids
Laura J. McCormick,a†* Samuel A. Morris,a Alexandra M. Z. Slawin,a Simon J. Teatb 
and Russell E. Morrisa

The topology of coordination polymers containing 5-alkoxy isophthalic acids and first

row transition metals was found to be dependent on the combination of solvent system

used and length of the alkyl chain. Four different framework types were identified:

Phase A M6(ROip)5(OH)2(H2O)4xH2O (M = Co and R = Et, Pr or nBu, or M = Zn and

R = Et); Phase B M2(ROip)2(H2O) (M = Co or Zn and R = Et, Pr, nBu or iBu, or M =

Mn and R = nBu or iBu); Phase C Zn3(EtOip)2(OH)2; and Phase D Zn2(EtOip)2(H2O)3.

Preliminary screening of the NO storage and release capabilities of the Co-containing

materials is also reported.


	Coordination polymers of 5-alkoxy isophthalic acids
	Coordination polymers of 5-alkoxy isophthalic acids



